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Abstract 
The discovery of the Ziegler Reservoir fossil site near Snowmass Village, 
Colorado presents an opportunity to examine subalpine ecosystem response, during a 
relatively unknown period, in which climate conditions were similar to present. Fine-
grained sediments at Ziegler Reservoir represent continuous deposition between ~140–55 
ka (thousand years before present), spanning the close of the Bull Lake glacial period 
[marine isotope stage (MIS) 6], the Sangamon interglacial (MIS 5) and the early stages of 
the Pinedale (early Wisconsin) glacial period (MIS 4). Ziegler Reservoir is positioned on 
top of a ridge, at an elevation of 2705 m, and has a small watershed area (~14 ha), with 
little evidence of fluvial sediment transport. Particle size distributions, mineralogy, and 
geochemistry indicate eolian processes were the likely mechanism for deposition of the 
local, silt-rich and clay-rich sediments that ultimately filled the basin. The presence of 
clay-rich units (up to three-times more clay than background), is interpreted to represent 
glacial conditions at two distinct intervals: 1) ~140–134 ka (MIS 6) and 2) ~71–55 ka 
(MIS 4/3), which correspond to late Bull Lake and early Pinedale glacial periods, 
respectively. In addition, the absence of clay-rich sediment in the intervening sediments 
suggests a lack of glacial activity during sub-stages MIS 5d and 5b.  In all, the Ziegler 
Reservoir sedimentary record provides critical information regarding environmental 
response of high-alpine ecosystems to climate change in the Rocky Mountains during the 
late Pleistocene.  
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Chapter One: Introduction 
Cycles of climate change during the Quaternary Period are well documented 
(Orombelli et al., 2010; Petit et al., 1999;).  The impact of anthropogenic activities on 
current cycles is the topic of intense scientific, societal, and political debate (IPCC, 
2013). Understanding the range of potential change in the future requires knowledge of 
the inherent limits of climate cycles, as well as how ecosystems responded to change in 
the past.  Abundant geologic evidence has shown that the glacial and interglacial cycles 
of the Pleistocene have had tremendous impacts on flora, fauna, and landscapes (Elias, 
2007). How these impacts will be manifested under future conditions is unclear.  The 
pragmatic approach of using the present to understand the past is a key concept in 
geological studies. Placing past change in context also allows us to forecast 
environmental response to future changes. Thus, understanding ecosystem response to 
past episodes of climate change has become increasingly important in the discussion of 
the potential impacts of future climate change. 
Climate change research is inherently multidisciplinary. The combination of 
biogeographic, geomorphologic, geochronologic and geochemical studies has led to a 
relatively sophisticated understanding of changing environments at various times in the 
past. The use of eolian sediments for interpreting past change is an integral part of these 
studies (Bettis et al. 2003; Muhs et al., 2003;  Madole, 1995), as it contributes to our 
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understanding of the importance of dust to soil and oceanic nutrient loads, global and 
surface albedos, and its health effects on humans (Muhs, 2013; Shao et al., 2011). This 
study examines potential sources and climatic signals recorded by dust over the last 
interglacial cycle in west-central Colorado. The unique setting of the high-altitude Ziegler 
Reservoir basin provides insight in to the timing of climatic changes, and the response of 
subalpine ecosystems, over a period of time that is represented by few other records 
within the Rocky Mountains. 
 
1.1 The Snowmastodon Project 
In 1958, Doug Ziegler purchased a large tract of property just west of Snowmass 
Village, Colorado, that included a wet, sub-alpine meadow at an elevation of ~2705 m 
(Fig. 1). The meadow was situated on top of a ridge that separates Snowmass Creek 
valley from Brush Creek valley and was used for grazing. In 1961, the drainage outlet 
was altered to allow the meadow to hold water. This shallow, man-made lake, with a 
surface area of ~5 ha, remained a private reservoir until the water rights were purchased 
by the Snowmass Water and Sanitation District (SWSD) in 2010 (Johnson and Miller, 
2012). The town of Snowmass Village had grown around the ski area and the SWSD 
needed additional water to buffer against drought and future development in Brush Creek 
valley, as well as for making artificial snow for the ski area during dry winters. 
 In September 2010, construction began at Ziegler Reservoir, which included 
deepening the basin to increase storage, as well as the installation of a dam and control 





Figure 1. Site location maps (a-c) and (d) photograph looking to the southwest of Ziegler 
Reservoir and the Snowmass ski area. Image from Pigati et al. (2014). (Photo by Dan 
Bayer). 
 
excavation started, on October 14, 2010, several bones of a juvenile Columbian 
mammoth were unearthed. Crew members realized these bones were too large to be cattle 
remains, and contacted the Colorado Geological Survey, despite the risk of interference 
with construction deadlines. The Colorado Survey contacted the Denver Museum of 
Nature and Science (DMNS) and soon experts were at the construction site confirming 
the well preserved nature of the fossil finds (Johnson and Miller, 2012). 
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 Construction continued with DMNS personnel on site, ready to pull bones from 
beneath the blades of the bulldozers. This site was much more than a single mammoth; 
numerous mastodon bones and the remains of other animals were recovered at different 
stratigraphic levels, and it quickly became evident that this site was special (Pigati et al., 
2014). The leaders of the DMNS crew, Kirk Johnson and Ian Miller, contacted the U.S. 
Geological Survey (USGS) for help in establishing the geologic framework of the site. In 
late October, as snow threatened to close the construction (and now excavation) season, 
the DMNS began negotiations with the SWSD to further excavate, recover, and study the 
site during the spring and summer of the following year. The winter interim allowed time 
to schedule scientific efforts without interfering with construction deadlines, generate 
funding, and organize what would become one of the largest paleontological excavations 
ever in Colorado. Although the science team recognized the fossil site as an important 
find, no one knew that the ‘Snowmastodon’ site, as it came to be known, was to become 
one the most significant high-altitude ice age fossil sites in all of North America (Johnson 
and Miller, 2012). 
 As the snow melted away in the spring of 2011, Ziegler Reservoir (and its mud) 
began to emerge, and construction began with an array of scientists and DNMS 
volunteers scurrying around the work site. The USGS crew focused on the stratigraphy 
and the age of the site, while the amazing diversity of plant and animal remains were 
uncovered by the DMNS crew. As a geologist working for the USGS, I was asked to core 
the bottom of the muddy excavation pit in an effort to recover unexposed sediments 
present at the site. Several trenches and one large vertical exposure of fine-grained 
sediments (Locality 43) were located just beyond sediments that contained the fossils. 
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Deeper excavation was not allowed in this area because of engineering restrictions, yet it 
was clear that part of the site’s stratigraphic section remained beneath the floor of the 
excavation pit. 
 In June 2011, the construction crew carved a ledge out of the mud to access the 
base of Locality 43, where we were able to place the Giddings Soil Probe (Fig. 2). A 
series of cores were successfully extracted, revealing sediment that would later be 
identified as Units 3 through 7 out of 18 total sedimentary units. The cores helped to 
connect fine-grained sediments in the basin center with coarser material near the margin 
and completed the lake stratigraphy. This coring operation was my introduction to the 
Ziegler Reservoir’s silty mud and marked the beginning of this study. 
 Examining the sediments of a paleontological site is often completed to gain 
insight into the past environmental conditions.  The presence of thousands of Pleistocene 
fossils placed even more emphasis on this site than usual. To date, project scientists have 
shown that the lake sediments cover the time period between the Bull Lake and Pinedale 
glacial episodes, spanning roughly ~140–55 ka (thousand years before present). 
Typically, sediments dating to this time period, which includes the Last Interglacial 
Period (also called the Sangamon Interglacial or marine isotope stage [MIS] 5), are 
destroyed or buried by later (Pinedale; MIS 2) glaciations that blanketed much of the 
Rocky Mountains. At the Ziegler Reservoir fossil site, however, fossils and sediments 
dating to MIS 5 are not only preserved, but are in excellent condition. Fine-grained 
sediments make up much of the site stratigraphy, but it was unclear as to how they 
arrived based on geomorphologic characteristics of the site.  This study focuses on the 
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source, delivery mechanism, and climatic implications, of the fine-grained materials that 




Figure 2. A) From Pigati et al. (2014). Aerial photograph of the Ziegler Reservoir during 
excavation. Soil pits 1 and 2 are the source of the impounding moraine samples. The 
bone cloud polygon refers to the main fossil dig area. Yellow markers refer to locality 
designations determined by the Denver Museum of Nature and Science survey crew. B) 
Coring apparatus set up below the vertical exposure of Locality 43. 
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1.2 Purpose of study and thesis questions 
The discovery of the Ziegler Reservoir fossil site near Snowmass Village, 
Colorado, presents a rare opportunity to examine the sub-alpine environment of the 
Southern Rocky Mountains during the Last Interglacial Period, (MIS 5) ~130–74 ka 
(Martinson et al., 1987). Climatic conditions during MIS 5e are thought to have been 
slightly warmer than today based on higher-than-modern sea levels, reconstructed plant 
communities, and other climate studies, (Muhs et al., 2012; Muhs et al., 2011; Pierce et 
al., 2011; Kukla et al., 2002; Baker, 1986). Understanding how ecosystems responded to 
past episodes of climate change can provide important information for constraining 
potential responses to predicted future change. This study will contribute to the research 
through the characterization of the sediments within the Ziegler Reservoir basin. 
Specifically, this study examines the fine-grained sediments as potential dust, its possible 
sources, and climatic inferences that can be made from the stratigraphy of Ziegler 
Reservoir. 
 
Thesis question #1 
Is there evidence to support the hypothesis that the majority of the fine-grained sediments 
in the Ziegler Reservoir basin were deposited through eolian pathways? 
Elsewhere in the Rocky Mountains, fine-grained, eolian sediments have been 
associated with glacial landscapes in sub-alpine settings (Muhs and Benedict, 2006; 
Madole, 1995; Birkeland, 1973). The fine-grained sediments of the Ziegler Reservoir are 
dominated by well-sorted silt and comprise the vast majority of the basin sediments by 
8 
volume. The combination of a very small watershed and relatively low topographic relief 
may indicate that the majority of the fine-grained sediments were deposited through 
eolian transport rather than fluvial processes. This study investigates this hypothesis 
through the examination of particle size distributions and geomorphic evidence. 
 
Thesis question #2 
Are the fluvio-glacial deposits of the Roaring Fork or Snowmass Creek valleys the source 
of the silt found in the Ziegler Reservoir basin? 
At the close of the Bull Lake glaciation (MIS 6), large fluvial outwash plains of 
glacial materials covered much of the Roaring Fork valley. Multiple outwash terraces of 
different ages can be found through the valley, southeast of Ziegler Reservoir near 
Aspen, Colorado, and have been mapped using relative age dating techniques (Piety, 
1981). Snowmass Creek valley is smaller in size and does not display terraced outwash 
deposits, although poorly-sorted glacial deposits (tills and moraines) are quite extensive 
(Bryant, 1979, 1972). Wind transport of sediments from fluvial systems has been 
documented elsewhere in the Rocky Mountains (Muhs et al., 2013; Pierce et al., 2011; 
Pye, 1987) and it seems plausible that Snowmass Creek valley may have also provided 
fine-grained material for eolian transport following the Bull Lake glaciation. The lack of 
outwash terraces in Snowmass Creek valley may be due to a smaller watershed, or due to 
the confining nature of the valley. Regardless, considering its close proximity to the 
Ziegler Reservoir, the Snowmass Creek glacial deposits may have been a source for the 
fine-grained sediments. This study uses mineralogical and geochemical analyses to 
determine if theses valleys are potential sediment sources. 
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Thesis question #3 
Are the patterns of sedimentation, including source, related to climate change? 
Climatic conditions of the Rocky Mountains during the Sangamon Interglacial 
(MIS 5), and early Wisconsin glacial period (MIS 4) have been documented in only a few 
studies (Pierce et al., 2011; Rosenbaum and Kaufman, 2009; Baker, 1986; Coleman and 
Pierce, 1981). Changes in deposition rates or particle size may indicate past changes in 
wind regimes and/or sediment availability. This study will examine patterns found in the 






Chapter Two: Related Literature 
The discovery of the Ziegler Reservoir fossil site provides a unique opportunity to 
gather insight into the Last Interglacial Period (or MIS 5) in the Rocky Mountains. 
Recent studies of the site have revealed that this basin was carved by Bull Lake glaciers 
and accumulated sediments during the end of marine isotope stage (MIS) 6, all of MIS 5 
and MIS 4, and the beginning of MIS 3 (Mahan et al., 2014; Pigati et al., 2014).  In 
addition to being an important Pleistocene fossil site, this record provides a rare high-
altitude sedimentary record, as most MIS 5 sites at this elevation are destroyed by glacial 
processes during the subsequent Pinedale (MIS 2) glaciation. This chapter introduces an 
overview of Rocky Mountain glaciations, and two study areas that have comparable MIS 
5 paleoenvironmental records. A review of several local geologic investigations in the 
Ziegler Reservoir area follows. Additionally, other studies are introduced that use fine-
grained sediments as evidence of glaciation, or use mineralogical and geochemical data 
to identify provenance of eolian sediments. 
 The chronology of the Pleistocene glaciations has been the focus of numerous 
studies in the Rocky Mountains (Licciardi and Pierce 2008; Benson et al., 2005; 
Kaufman et al., 2001; Madole, 1986). In a review of Pleistocene glacial chronologies, 
Pierce (2003) presents a generalized timing of the Rocky Mountain glacial advances in 
relation to MIS stages and continental glaciations; Bull Lake = MIS 6 = Illinois 
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glaciation, early Pinedale = MIS 4 = early Wisconsin glaciation, and late Pinedale = MIS 
2 = late Wisconsin glaciation. Pierce (2003) illustrates the difficulty in correlating 
numerical dates and notes that alpine glaciations may not always be in “lock step” with 
continental or global patterns. He also presents evidence that MIS 5d is most likely part 
of the interglacial, rather than the last advance of the Bull Lake sequence, as other 
lacustrine studies do not support glacial advance for sub-stage MIS 5d. 
 The glacial history in the Yellowstone region in northwest Wyoming has been the 
focus of several studies (Pierce, 1979; Pierce et al., 1976). In an examination of a loess-
paleosol sequence near Jackson Hole, soil development indicates that the MIS 5e sub-
stage was a considerably warmer than today (Pierce et al., 2011). Baker (1986) also 
concluded that MIS 5e was warmer than today for the Yellowstone region. In his 
compilation of vegetation records, Baker (1986) also suggests that MIS 5d was cooler 
than present, MIS 5c and 5a were not as warm as present and that MIS 4 and 3 were cold 
periods. While these records are from a region located several hundred kilometers to the 
north, they are the most analogous to the Ziegler Reservoir stratigraphy. 
 Bear Lake is located at an elevation of ~1805 m in an active half graben that 
straddles the northeast border of Utah and the southeast border of Idaho (Rosenbaum and 
Heil, 2009). This basin contains sediments that span the last two interglacial periods and 
was the focus of work that culminated in a volume edited by Rosenbaum and Kaufman 
(2009). Paleoenvironmental interpretations suggest that Bear Lake was a closed basin 
during MIS 7, 5 and 1, with 5e, 5c and 5a being warm and dry periods. Based on 
vegetation and lacustrine evidence, MIS 5d and 5b appear to have been cool and wet and 
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MIS 6 (Bull Lake) was cooler than MIS 4 and 2 (Pinedale) (Kaufman et al., 2009). While 
the Bear Lake stratigraphy is continuous, spanning MIS 7 through 1, caution must be 
used when comparing this basin to high-elevation Rocky Mountain records due the lake’s 
lower elevation, its position at the edge of the basin and range provenance, and its less 
constrained chronology (Rosenbaum and Kaufman, 2009). 
 Several local investigations in the Ziegler Reservoir area are pertinent to this 
study.  Bryant’s (1972) geologic map of the Highland Peak quadrangle identified Ziegler 
Reservoir as a wetland surrounded by glacial moraines, which is the framework upon 
which Ziegler Reservoir studies rest. Much of the bedrock in the area is described in 
detail, as well as pertinent geomorphic descriptions of the glacial landscapes, in Bryant’s 
synthesis of the Aspen 15-minute quadrangle (1979). 
 Similar to other studies that document high-elevation eolian dust deposits in the 
Rocky Mountains (Lawrence and Neff, 2009; Muhs and Benedict, 2006; Nelson and 
Shroba, 1998; Dahms and Rawlins, 1996), two nearby studies provide evidence of loess 
deposition at high altitude, near Ziegler Reservoir. Working on the north flanks of nearby 
Mount Sopris (3948 m), Birkeland (1973) used loess deposits to distinguish Pinedale 
from Neoglacial rock-glaciers. Using particle size textures of the Roxana loess from 
Illinois as a comparison, Birkeland suggested that the loess was delivered by eolian 
processes and caught in the coarse rock-glacier surfaces. Similarly, in a study of a 
structural depression known as a sackungen, at 3775 m, near Aspen, Colorado, McCalpin 
and Irvine (1995) interpret silt trapped in the depression as being eolian in nature. 
Examining an excavated trench that exposed the sediments, these authors described silt 
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with little sand and no gravel that are mineralogically distinct from the underlying 
colluvium. 
 Piety (1981) used relative dating techniques to describe the dramatic terraces in 
the Roaring Fork valley. The terraces are comprised of glacial outwash and have large 
surface areas. With each terrace assigned a correlative age, Piety’s mapping shows these 
extensive surfaces in the Roaring Fork valley that would have been exposed to eolian 
processes during the time of deposition of the Ziegler Reservoir sediments. 
 Several stratigraphic units in the Ziegler Reservoir sediments are composed of 
fine-grained materials with high concentrations (up to 45%) of clay-sized material. In the 
mountain regions of western North America, fine-grained glacial flour found in lacustrine 
settings, is used to outline timing of glacial activity (Bischoff and Cummins, 2001; 
Rosenbaum and Reynolds, 2004). Typically, the lakes are at the distal ends of fluvial 
systems that have headwaters in glacial terrain, and variation between mineral-rich, clay-
sized material and organic lake sediments are used to infer glacial chronologies. In the 
Colorado Front Range, Menounos and Reasoner (1997) used the presence of glacially-
ground rock flour to suggest glacial activity during the relatively small-scale cooling of 
the Younger Dryas chronozone (~13-11 ka).  
 One of the primary goals of this study is to investigate the source of fine-grained 
sediments in the Ziegler Reservoir sedimentary record. Mineralogy and geochemical 
analyses are used commonly to trace eolian sediments to their source and to illustrate 
changing sources within stratigraphic sections (Rosenbaum et al., 2009; Muhs et al., 
2007; Muhs et al., 2003; Reheis et al., 2002; Dahms, 1993). Ratios of felsic minerals to 
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mafic minerals, or ratios major elements such as Ca, Fe, and K, can be used to establish 
relations between eolian sediments and their source rocks (Rosenbaum et al., 2009; Muhs 
and Budahn, 2006). Trace element ratios such as, Cr/Sc, Th/Sc, Zr/La or Zr/Hf can 
further distinguish potential sources of eolian sediments (Muhs et al., 2010; Reheis et al., 
2002). Finally, rare earth elements (REE) can be used to highlight variations found in 
sediments from similar parent materials (Muhs and Budahn, 2006). This study uses each 
of these methods in an attempt to determine the source of the fine-grained sediments 





Chapter Three: Study Area 
3.1 Physiography 
Ziegler Reservoir lies in the Elk Mountains of west-central Colorado (Fig. 1). 
This range spans elevations between 1900 m in the northern drainages to more than 3400 
m at its highest peaks. The area is most widely known for the town of Aspen, ski areas, 
and the scenic Maroon Bells. At an elevation of ~2705 m, Ziegler Reservoir is located 
just west of Snowmass Village, Colorado. 
 
3.2 Geologic setting 
  The Elk Mountains were uplifted during the Laramide orogeny, roughly 34 
million years ago, exposing overlying sedimentary units (Bryant and Martin, 1988). The 
Maroon Formation and the Mancos Shale comprise the majority of the exposed 
sedimentary bedrock in the Snowmass Creek valley and the slopes immediately 
surrounding the reservoir. There are additional sedimentary units exposed in the Ziegler 
Reservoir area that are smaller in exposed surface area, including the Morrison Formation 
(Jurassic), the Dakota Sandstone (Cretaceous), and the Burro Canyon Formation 
(Cretaceous).  
 Bryant (1979) described the bedrock formations surrounding the Ziegler 
Reservoir in his geologic map of the Aspen 15 minute quadrangle. The Maroon 
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Formation is ~3.2 km thick in this area, and consists of inter-bedded sandstones, 
siltstones, conglomerates, mudstones and limestones. Some units in the formation are 
thick (10 m), but most are relatively thin (30 cm) and discontinuous. Formed from 
material eroding off the Uncompahgre Highlands to the southwest during the 
Pennsylvanian-Permian period, the highly varied units are colored pale red to reddish 
brown and create four of the five 4270 m peaks in the area, including the Maroon Bells 
(Bryant, 1979). Much of the glacial debris in the Snowmass Creek valley consists of 
rocks derived from this formation. 
A modern landslide of Mancos Shale lies to the north of the Ziegler Reservoir. 
The Mancos Shale is a fossiliferous, Cretaceous, marine deposit, with weak cementation 
and a thickness of up to 1590 m in this area. Local units include siltstones, fine to coarse 
grained sandstones, clays, limestones and shales, and are mostly quartz and calcite with 
minor plagioclase, mica, zircon, tourmaline, and chlorite (Bryant, 1979). The shale is 
fissile and can be dark-gray to black in color. 
During the Laramide orogeny, magma with a granodiorite composition intruded 
into the overlying strata. Although these bodies did not reach the surface initially, 
subsequent erosion has uncovered the granodiorite masses, which form high-elevation 
peaks in the Elk Mountains, including Mt Sopris (3948 m) and Capitol Peak (4307 m), at 
the head of the Snowmass Creek valley (Bryant and Martin, 1988). These rocks are 
typically white to grey and consist of quartz, plagioclase, biotite, and hornblende (Bryant, 
1979). Granodiorite cobbles and gravel are seen in the moraines and tills surrounding 
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Ziegler Reservoir, but appear to be less significant volumetrically than the Maroon 
Formation sediments. 
 
3.3 Glacial history 
Like much of the Rocky Mountains, the Elk Mountains have been extensively 
eroded by alpine glaciation during the Pleistocene. Ziegler Reservoir is positioned at the 
top of a ridge that separates Snowmass Creek from the Brush Creek drainage. This 
unique setting for an alpine lake is due largely to glacial activity in these valleys (Fig. 3). 
During the Bull Lake glacial maximum, ~155–130 ka (Licciardi and Pierce, 2008) a 
glacier flowed down the Snowmass Creek valley, ultimately reaching a length of ~26 km 
and a maximum thickness of ~250 m (Pigati et al., 2014). While at its maximum extent, a 
small lobe of the glacier overtopped the eastern wall of Snowmass Creek valley and 
flowed into the Brush Creek drainage, leaving behind a small moraine (Pigati et al., 2014; 
Bryant, 1972). No evidence of glacial activity was found below this feature in the Brush 
Creek drainage (Cararra, 2012). Subsequent deposition of a lateral moraine by Bull Lake 
glaciers sealed the basin that would ultimately host Ziegler Reservoir. Although this 
lateral moraine was initially mapped as Pinedale in age by Bryant (1972), geomorphic 
characteristics, presence/absence of surface boulders, the degree of soil development, and 
the ages of the Ziegler Reservoir sediments all indicate that the impounding moraines 
were both Bull Lake (MIS 6) in age (Pigati et al., 2014). This is important because it 
means that the basin that hosts Ziegler Reservoir was fully impounded at the end of MIS 





Figure 3. Extent of Bull Lake glaciers based on mapping by Bryant (1972). The red star is 
the location of the Ziegler Reservoir. From Pigati et al. (2014).  
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The lake that filled the basin was initially ~10 m deep toward its eastern side and 
shallowed slightly to the west (Knell, 2009). As the lake slowly filled with sediment, the 
site eventually became a shallow lake, then a marsh or wetland, and eventually a sub-
alpine meadow. In all, the lake/wetland sediments span from ~140–55 ka, and include the 
end of MIS 6, all of MIS 5 and MIS 4, and the early part of MIS 3 (Mahan et al., 2014). It 
is within these sediments that the large amount of diverse plant and animal materials has 
been recovered.  
It was fortuitous that the site was preserved, as most high-elevation sites in the 
Rocky Mountains dating to this time period were either destroyed or covered by Pinedale 
(MIS 2) deposits.  The Pinedale glacial maximum in the Rocky Mountains has been dated 
to ~22–17 ka (MIS 2) (Licciardi and Pierce, 2008; Benson et al., 2005; Madole, 1986). 
Fortunately, the Pinedale advances in the Rocky Mountains were generally smaller, if 
only slightly, than the Bull Lake glaciers (Pierce, 2003) and the Pinedale glaciers in the 
Snowmass Creek valley were unable to overtop the valley wall and did not destroy or 
bury the Ziegler Reservoir sediments. 
 
3.4 Current climate and vegetation 
Ziegler Reservoir (~2705 m) lies at the boundary between mixed forest with 
Gambel oak and spruce-fir forest zones. The wide range of elevations in the Elk 
Mountains supports numerous vegetation zones. Lower elevations (up to 2000 m) are 
comprised of semi-desert sagebrush and pinyon-juniper woodland. Up to 2700 m, the 
dominant zone is mixed forest with Gambel oak. From 2700 m to 3600 m lay the spruce-
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fir forests, and higher elevations are tundra settings (Huggins, 2004). The presence of the 
Mancos shale typically favors Gambel oak and allows this species to exist at its upper 
limits around the northwest corner and exposed northern flanks of the Ziegler Reservoir 
basin, while the other slopes support a mixed forest with abundance conifers (Strickland 
et al, 2014). 
The climate near Ziegler Reservoir is continental, with a wide range of 
temperatures between summer and winter. Strickland et al. (2014) use the PRISM 
(Parameter-elevation Regressions on Independent Slopes Model) climate data set 
(PRISM Climate Group, 2013) along with climatic parameters of the surrounding 
vegetation to produce site-specific climatic averages. This method produces a mean 
temperature of 14.1 ºC for the warmest month (typically July or August), and a mean 
temperature of -8.0 ºC for the coldest month (typically January or December), and an 
average annual precipitation total of 570 mm.  
 
3.5 Hydrology  
The Ziegler Reservoir watershed (~14.2 ha) is defined by the high points of the 
Bull Lake moraines that surround the reservoir and includes the current water surface 
area (~5 ha) (Pigati et al., 2014). The horizontal distance between the crest of the 
moraines and the current water level ranges from as little as 15 m, to as much as 150 m in 
the northwest section of the basin. No obvious sign of fluvial morphology exists on these 
slopes today. The pitch of the surrounding slopes ranges from 10% to 30% on the western 
edges, and 30% to 50% on the eastern margins (Knell, 2009). Some of the steeper edges 
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of the moraine have eroded towards the center of the basin, and inter-finger with fine 
grained sediments (Knell, 2009). The reservoir is nearly circular in shape and ~300 m in 
diameter and it is likely that the surface area of water has been consistent over time.  
 
3.6 Stratigraphy 
There are two distinct types of deposits within the basin; fine-grained sediments of the 
basin center, which are the focus of this study, and coarser near-shore sediments which 
inter-finger with the fine-grained sediments along the edges of the reservoir (Fig. 4) 
(Pigati et al., 2014). The near-shore sediments are composed of coarse-grained, colluvial 
diamictites and pinch out within ~50 m from the edges of the moraines. These units have 
a sequential depositional history, with fine-grained sediments positioned between the 
colluvial bodies. The diamictites are both matrix supported and clast supported, with 
clasts ranging from pebbles to boulders that are up to ~1 m in diameter. The majority of 
these clasts are composed of sandstone and visually identifiable as material from the 
Maroon Formation. The matrix ranges from silt to gravel with minor amounts of clay. 
These diamictites become indistinguishable from the glacial tills where they meet near 
the margin of the basin, and are thickest near the margins before pinching out towards the 
basin center. The units are interpreted to have been deposited subaqueously in single or 
several events for each unit that originated as slumps or unchannelized debris flows 





Figure 4. Generalized cross-section of Ziegler Reservoir stratigraphy showing the two 
depositional settings, near-shore diamictites with fine-grained sediments inter-fingered, 
and the fine rained sediments of the basin center. Tie points between the two settings 
include Unit 10, and the debris flows that have distal representation in Unit 7 and 8, 




The fine-grained sediments that comprise the lake-center stratigraphy consist 
mostly of silt, with lesser amounts of sand and clay. Bedding in the fine-grained 
sediments ranges from massive to laminar, and well-preserved organic material is 
abundant. Initial descriptions made in October and November, 2010, were from a large 
vertical exposure at Locality 43 and trenches exposed at Localities 49, 51 and 52 (Fig. 2). 
In June, 2011, cores from Locality 43 were extracted and described to include sediments 
that were not exposed otherwise. Pigati et al. (2014) combined these described sections to 
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create a composite stratigraphy for the fine-grained sediments (18 units in all) that 
include the underlying till (Unit 2) and the basal Mancos Shale (Unit 1) (Fig. 5). Units 3-
15, 17, and 18 have been interpreted as being lacustrine, whereas Units 15, 16, and 
possibly 12, were likely deposited in a marsh or wetland setting.  
 
3.7 Chronology 
The chronologic framework for the Ziegler Reservoir deposits was established 
using four independent dating methods: uranium series, cosmogenic, radiocarbon and 
luminescence (Mahan et al., 2014). A number of fossils were dated using uranium series 
methods, as well as two fossil water samples; however, this proved to be mostly 
ineffectual due to extremely low concentrations of uranium and suspected secondary 
mobilization of uranium within the system. 
The cosmogenic surface exposure age of one boulder found on top of the Bull 





Al. This was the only boulder that appeared to be both large enough (it measured 
1.7 m x 1.1 m x 0.4 m high) and in a stable position to have remained in place since 





Al ratios and yield dates of 138±12 ka and 129±12 ka respectively (Mahan et al., 
2014). These dates represent the timing of moraine deposition and can be considered to 
represent the maximum age of the accumulated sediments in the Ziegler Reservoir. We 
note that although surface exposure ages derived from one boulder preclude analysis of 




Figure 5. Description of the Ziegler Reservoir composite stratigraphy. Location of 
materials described is illustrated left of the column. The Mancos Shale is expected under 
the till based on geologic mapping (Bryant, 1972). From Pigati et al. (2014).  
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suggested termination of the Bull Lake episode of ~155–130 ka (Licciardi and Pierce, 
2008). 
Most of the organic materials recovered from the Ziegler Reservoir sediments 
were found to be beyond the limits of radiocarbon dating (Mahan et al., 2014). However, 
one wood sample found on the paleo-shoreline (Locality 75) was analyzed and yielded 
dates of 44.5±1.6 ka and 43.6±1.4 ka (Mahan et al, 2014). Although this sample cannot 
be tied to the lake-center stratigraphy, because the intervening material was removed 
prior to the arrival of scientists at the site, it provides a minimum age for the sediments. 
Optically-stimulated luminescence (OSL) ages were obtained for the bulk of the 
Ziegler Reservoir stratigraphic section, and appear to be fairly robust (Fig. 6). Eighteen 
samples were analyzed in all, including 11 that were collected in situ from exposed 
sediments at Localities 43, 51 and 52. All but one sample produced dates in proper 
stratigraphic order and all dates fell within the bounds of the cosmogenic maximum dates 
and the minimum radiocarbon dates (Mahan et al, 2014).  The sediments dated by OSL 
appear to have been fully bleached due to their low over-dispersion (scatter) rates 
(<15%), which is ideal for the technique and indicates possible eolian transport (Mahan et 
al., 2014).  
An age-depth model for the lake-center stratigraphy was developed using flexible 
sediment accumulation rates that are adjusted based on the properties of neighboring 
sample sections (Bacon model; Blaauw and Christensen, 2011). The only issue with 
luminescence dating arose in Units 13 and 14 where the OSL ages did not change 
significantly with depth.  Pollen analysis in this stratigraphic interval showed several 
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large environmental transitions that appeared to correlate to marine isotope stage 
transitions (Anderson et al., 2014). The timing of these transitions (MIS 5a/5b, 5b/5c, and 
5c/5d) were based on isotopic records of marine foraminifera (Martinson et al., 1987) and 
were used as input in the Bacon model.  In all, modeled ages of the lake sediments ranged 
from 140.6±14.2– 55.1±9.6 (~140– 55 ka).  Additional specific parameters of the model 
and other details of the OSL dating process are presented in Mahan et al. (2014).  
Sediment accumulation rates (SARs) were generated using unit centroids from the 
site stratigraphy and ages from the Bacon model, (Fig. 7). The SARs are predominantly 
uniform, ranging from ~98–150 mm/ka, with Units 10 through 14 being slightly higher 





Figure 6. Age-depth results of Bacon modeling (gray), individual OSL ages (light green), 
and the three ages derived from correlating the Ziegler Reservoir pollen record and 
marine isotope stages (light blue). Gray dots indicate the model’s 95% probability 







Figure 7. Sediment accumulation rates for each unit of Ziegler Reservoir. Rates include 






Chapter Four: Methods 
4.1 Field collection 
4.1.1 Ziegler Reservoir bulk samples 
 Bulk samples were collected from excavation pits soon after the initial fossil 
discovery in October 2010. Because of safety regulations and the organization of the 
construction site, several outcrops, trenches, and excavations pits were sampled in order 
to establish the site’s upper stratigraphy. Bulk samples ZR-B1 through ZR-B5, and ZR-
B7 were collected from Locality 52 (Fig. 2). Samples ZR-B6 and ZR-B8 through ZR-
B15 were collected from Locality 43. Samples ZR-B16 through ZR-B19 were collected 
from Locality 51 (Appx. A). These bulk samples represent Units 8 through 18. 
 
4.1.2 Ziegler Reservoir core samples 
 Five sediment cores were collected at Locality 43 using a Giddings Soil Probe in 
June 2011 because engineering requirements for the new dam did not allow deeper 
excavation (Fig. 2). These cores recovered sediments from the base of the outcrop at 
Locality 43 to the underlying till. Each core was roughly 3 meters in length and consisted 
of 3 to 6 separate drives. Cores ZR43C-A-1 and ZR43C-D-1 were later split and 
described at the U.S. Geological Survey’s Geosciences and Environmental Change 
Science Center in Denver, Colorado (Figs. 8 and 9). These cores represent Units 3 
 
30 
through 8 and till was found in the drill bits of the deepest drives. Samples were taken 
from these cores to characterize the deepest units of the Ziegler Reservoir stratigraphy 
(Appx. A). 
 
4.1.3 Impounding moraine samples 
 Soil pits were excavated at two locations on the surrounding moraine of Ziegler 
Reservoir (Fig. 2). Each pit was at least 100 cm deep and used to examine the degree of 
soil development and age-relationship of the moraines. Sample splits from the deepest 
part of these soil pits were used to characterize the grain size and mineralogy of the 
impounding moraines (Appx. A). 
 
4.1.4 Modern dust samples 
 A passive dust sampler was installed on the Ziegler property, just to the southwest 
of the reservoir in April 2012 (Figs. 10 and 11). The sampler consisted of an angel food 
cake pan mounted on a fence post at a height of 180 cm above the ground surface to 
avoid collecting saltating grains. It was secured with wire to remain upright and had 
metal bands coated with Tanglefoot® to discourage roosting. The design is described in 
detail in Reheis and Urban (2011), and Reheis (2003), and has been used to study dust 
sources, dust addition to soils, and related climatic variables throughout the southwestern 




Figure 8. Core A description summary from Locality 43. Red blocks are approximate 
locations of samples taken for PSA, mineralogy and geochemical analysis. HCl test; 0= 





Figure 9. Core D description from Locality 43. HCl test; 0= no reaction, e= 
effervescence, e+= strong effervescence. 
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tree cover. Although this site is not the best choice for undisturbed dust fall, construction 
at the reservoir site precluded a more open site. In October 2012 and April 2013, dust 
samples were collected by washing all sediment from the apparatus into a container with 
deionized water and were submitted for subsequent analysis (Appx. A). 
 
4.1.5 Dust on Snow sample 
 An initial attempt to collect an additional modern dust sample at the Ziegler 
Reservoir directly from the snowpack was unsuccessful due to unusually warm 
conditions in April 2012. However, an undisturbed patch of snow about 45 m in diameter 
in an area southwest of Ziegler Reservoir was preserved by tree cover and topographic 
relief (Figs. 10 and 11). The reddish, quartz-rich sediment on the snow surface was 
coarse and visually similar to the exposed bedrock near the snow, which was identified as 
Maroon Formation, and mapped as Ql (Quaternary landslide) by Bryant (1972). The 
texture of the sediment included coarse sand grains which must have saltated onto the 
snow surface. No fine dust layers were seen in the snowpack. Six 5-gallon buckets were 
packed with excavated surface snow (~20 cm depth) and the de-watered sample was 





Figure 10. Regional map with provenance sample location maps outlined in red. The 
approximate location of Birkeland’s (1973) site, on Mt Sopris, and McCalpin and Irvine’s 





Figure 11. Map of Snowmass Creek Valley provenance samples, dust on snow sample 








Figure 13. Map of Roaring Fork- Carbondale provenance sample locations. 
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4.1.6 Mancos Shale samples 
 Two bedrock surface samples of the Mancos Shale were collected directly 
northeast of Ziegler Reservoir (Figs. 10 and 11). Bryant (1972) described the exposure as  
the upper shale member of the Mancos Shale containing dark gray shale and silty shale 
with fine to medium olive gray sandstones minor, and occasional shaley limestone. At 
two locations, the surface of the bedrock was scraped clean of loose debris. 
Approximately 200 g of fine grained (visibly finer than sand) material was excavated 
with a hand trowel and placed in plastic bags (Appx. A). 
 
4.1.7 Provenance samples 
 Valleys near the Ziegler Reservoir were identified as potential sources of the fine-
grained eolian sediments found in the reservoir based on their location and the presence 
of glacial deposits (Fig. 10). Snowmass Creek valley, located directly west of the 
reservoir, was the host of the Bull Lake Glacier that deposited the moraines that 
impounded the reservoir (Figs. 3 and 11). Glacial deposits in this generally north-south 
tending valley were mapped by Bryant (1972). Provenance samples (n = 10) were 
collected in areas mapped as Qma and Qmb, glacial deposits thought to be related to 
Pinedale Glaciations (Bryant, 1972). One additional sample (JH1012-20-4) was collected 
from the till on a moraine that was originally mapped as Pinedale by Bryant (1972) but 
determined later to be Bull Lake in age (Pigati et al., 2014). 
 The other two areas of glacial outwash hypothesized as potential sources of the 
eolian Ziegler Reservoir sediments are found in the Roaring Fork valley. These fluvio-
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glacial deposits were mapped by Piety (1981) using relative age dating techniques. Two 
sections of Piety’s study were used in collecting outwash materials; the Aspen-Woody 
Creek section roughly 6 to 8 km to the east of the reservoir (Roaring Fork samples, n = 
14), and the Carbondale-Glenwood Springs section roughly 25 to 40 km northwest of the 
reservoir (Roaring Fork- Carbondale samples, n = 14) (Figs. 10, 12 and 13). Samples 
were gathered from Piety’s Bull Lake aged deposits when possible, and supplemented 
with Pinedale aged deposits for both sections.  
 Road-cut, quarry and other exposures in all three provenance areas were dug into 
with a soil shovel to depths of 10 to 25 cm. At each site, ~400 g of sediment was 
excavated with a hand trowel.  Clasts larger than 1 cm were discarded and the remaining 
sediment was bagged and submitted for analysis. Locations were recorded using a hand-
held GPS device (Appx. A). 
 
4.2 Laboratory methods 
4.2.1 Particle size analysis 
 Approximately 20 to 25 g of sediment from 24 Ziegler Reservoir samples were 
submitted to the Quaternary Materials Laboratory, Department of Earth and 
Environmental Sciences, University of Iowa for particle size analysis (PSA). Grain size 
ratios were determined for sand (2.0 mm–50 µm), silt (50–2 µm), and clay (<2 µm) 
content through Pipette Analysis as described in Soil Survey Laboratory Methods Manual 
(USDA, 2004) and using the USDA particle size classification system (USDA, 1993). 
The Quaternary Materials Laboratory also separated the silt fraction into five sub-
 
40 
fractions, which included very coarse silt (50–44 µm), coarse silt (44–31 µm), medium 
silt (31–16 µm), fine silt (16–8 µm) and very fine silt (8–2 µm ). 
Dust Trap samples were wet sieved to remove organic material greater than 750 
µm in diameter, treated with 30% hydrogen peroxide (H2O2) to remove the remaining 
organics, and rinsed with de-ionized water (Gray et al., 2010). The Dust Trap samples 
were submitted to the Soils Laboratory at the Geosciences and Environmental Change 
Science Center, USGS, Denver, Colorado.  There, sodium hexametaphosphate was added 
to the samples which were shaken on a shaker table for four hours to ensure 
deflocculation of the clays. Particle size analysis was performed using a Malvern 
Mastersizer 2000 laser analyzer. The sample was introduced into an aqueous medium and 
pumped through the laser analyzer. After analysis the samples were collected, dried, and 
saved for mineralogy and geochemistry. It is important to note that the Dust Trap samples 
and the Ziegler Reservoir samples were analyzed using different techniques, and thus 
caution must be used when comparing results (Ryzak and Bieganowski, 2011). 
 
4.2.2 Grain size separations  
 Silt grains (50–2 µm) were extracted from whole samples for mineralogy and 
geochemistry. Ziegler Reservoir sediment samples (3 to 10 g) were wet sieved at 150 µm. 
Provenance samples were sieved at 2 mm and split into 10 to 25 g samples. The Dust on 
Snow sample was wet sieved at 2 mm, 1 mm, and 150 µm. The volume of water was 
reduced on a hot plate (<100° C). 
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All samples were treated with 30% H2O2 until the organics were removed, 
washed with de-ionized water, and wet sieved at 53 µm. Clay (<2 µm) was separated 
from all of the samples by centrifugation based on Stokes’ law of settling, as outlined by 
Moore and Reynolds (1997). The centrifugation was performed at the X-ray diffraction 
(XRD) lab at the Geosciences and Environmental Change Science Center, USGS, 
Denver, Colorado and laboratory settings were used for rotor length, temperature, 
centrifuge setting and time of rotation. The clay and silt fractions were oven dried at 60°C 
and placed in containers. 
 
4.2.3 Mineralogy 
 Mineralogic analysis was performed at the XRD Laboratory at the Geosciences 
and Environmental Change Science Center, USGS, Denver, Colorado. Silt samples were 
prepared according to Moore and Reynolds (1997). Samples were finely ground with a 
mortar and pestle and packed into an aluminum cavity tray. X-ray diffraction was 
performed on a Philips 3600 diffractometer and scanned between 2 to 60º θ with data 
collected at 0.02º θ. Mineral identification and semi-quantitative analysis was generated 
using peak intensities to produce percent relative abundance (Moore and Reynolds, 
1997). 
 For clay mineralogy, each sample was analyzed in an air dried, ethylene glycol 
and heat treated (550 °C- 1 hr) state as described in Moore and Reynolds (1997). XRD 
analysis was performed on a Philips 3600 diffractometer and scanned between 2 to 35º θ 
with data collected at 0.02º θ. Semi-quantitative analysis for clay minerals was based on a 
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technique developed by H.D. Glass at the Illinois State Geological Survey and later 
modified by Hallberg et al. (1978). We used a 5-point running average on the 
diffractogram data, which corresponds to a 2θ range of +0.04º, to reduce the effects of 
electronic noise. The counts per second (cps) value of the glycolated diffractogram were 
taken from the smectite peak (5.2º, 2 θ, 17 Å), the mica/illite peak (8.8º, 2 θ, 10 Å), and 
the kaolinite-plus-chlorite peak (12.4º, 2 θ, 7.1 Å) and calculated as follows: 
E (expandables) = CPS at 5.2º 2 θ 
I (mica/illite) = 3 x CPS at 8.8º 2 θ  
K (kaolinite plus chlorite) = 2 x CPS at 12.4º 2 θ 
T (total) = E + I + K 
 
4.2.4 Geochemistry 
 Silt samples were submitted to two laboratories for geochemical analysis, the 
University of Wisconsin Nuclear Reactor Laboratory, Madison, Wisconsin and the USGS 
instrumental neutron activation analysis (INAA) laboratory in Denver, Colorado. INAA 
was performed by each lab on samples from both the Ziegler Reservoir and provenance 
areas (Brune et al., 1984; Adams and Dams, 1975). Elements analyzed varied between 
laboratories and can be found in Table 1. For both sample sets, sediments were finely 
ground with mortar and pestle then loaded into provided vials and ranged between 132.5 
to 288.3 mg. Samples were irradiated for 2 hours and then counted on an Ortec (Model # 
GEM-23185) HPGe detector at the University of Wisconsin. Analysis was performed for 
43 elements by the University of Wisconsin Nuclear Reactor using NAACalc ver. 1.41 
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software. Abundances of 33 minor and trace elements were calculated by the USGS 
INAA laboratory. Samples were irradiated in the USGS TRIGA reactor for 8 hours and 
counts were measured on both coaxial and planar germanium detectors. Elemental 





































Table 3. Elements analyzed at each laboratory. 
              USGS University of Wisconsin 
    -  Ag 
As  As 
Au  Au 
Ba  - 
    -  Br 
Ca  - 
    -  Cd 
Ce  Ce 
Co  Co 
Cr  Cr 
Cs  Cs 
Eu  Eu 
Fe  Fe 
Gd  - 
Hf  Hf 
-  Hg 
Ho  Ho 
-  In 
-  Ir 
K  K 
La  La 
Lu  Lu 
-  Mo 
Na  Na 
Nd  Nd 
Ni  Ni 
-  Pr 
Rb  Rb 
-  Re 
-  Ru 
Sb  Sb 
Sc  Sc 
-  Se 
Sm  Sm 
-  Sn 
Sr  Sr 
Ta  Ta 
Tb  Tb 
-  Te 
Th  Th 
Tm  Tm 
U  U 
W  W 
Yb  Yb 
Zn  Zn 






Chapter Five: Results 
5.1 Particle size analysis 
 Percentages of sand (2 mm–50 m), silt (50–2 m) and clay (<2 µm) vary 
through the Ziegler Reservoir stratigraphy. Sand ranges from 0.9% to 46.8%, peaking in 
Unit 7 (Fig. 15). Silt ranges through the stratigraphy from 43.6% to a high of 86.2% in 
Unit 11. Clay ranges from 9.4% to a high of 45.0% in Unit 18 (Appx. B).  
 Three sub-groups of particle size texture are present in the Ziegler Reservoir 
sediments; sand-rich (>20% sand, n=5), silt-rich (>70% silt, n=11) and clay-rich (>20% 
clay, n=8) (Figs. 14 and 15). Two samples that fell in between the sand-rich and silt-rich 
groups were included with the silt-rich group as their percentages of sand and clay were 
just above background levels found in the stratigraphy. These sub-groups were used to 
compare stratigraphic variation within the Ziegler Reservoir sediments, as well as to 
outline the zones used to describe the dominant sedimentation patterns of the stratigraphy 
(Fig. 14).  




Figure 14. Percentages of sand, silt, and clay, for the Ziegler Reservoir samples with 
stratigraphic units. Sedimentation zones are delineated by the dominant particle size of 





Figure 15. Particle size data for the Ziegler Reservoir sediments, other eolian sediments 
from near the study area, modern dust at the Ziegler Reservoir site, and the University of 
Iowa loess standards. Modern dust PSA values were generated using laser size analysis, 









Samples from the Ziegler Reservoir dust trap were analyzed with optical methods 
whereas the Ziegler Reservoir samples were analyzed with the pipette method (see 
Chapter 4). Because of the difference in processing samples and the low numbers of 
modern dust samples (n=2), caution must be used in direct comparison. However the 
PSA for modern dust samples is similar to those of the sand-rich sediments from the 
Ziegler Reservoir with sand percentages of 29.0% and 34.0%, silt of 60.4% and 56.2% 
and clays of 10.6% and 9.8% (Fig. 15). 
 
5.2 Mineralogy 
  Quartz dominated the mineralogical composition of the silt-sized particles for the 
Ziegler Reservoir as well as the provenance areas sampled based on relative abundance 
from peak XRD intensities (Fig. 16). Anorthite (plagioclase), potassium feldspar (k-spar) 
and mica were the next most abundant minerals (Table 2). Calcite was highly variable, 
ranging from 0.0% to 13.6% in the Ziegler Reservoir samples, and from 0.0% to 33.7% 
in the provenance areas. Clay minerals (see below) were also found in the silt-sized 
fraction, but were a minor component, accounting for only ~1% to 6% of the total. 
Relative percent abundance averages for the four most abundant minerals of the Ziegler 
Reservoir and the provenance areas were similar, although some variance was found in 
quartz and anorthite (Table 3). Mineralogical results for individual samples can be found 
in Appendix C. 
 Although the focus of this study was on silt-sized material, clay extracts (<2 µm) 
from the Ziegler Reservoir bulk samples, as well as a small number of clay extracts from 
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the provenance bulk samples were examined for clay mineralogy (Fig. 17). Relative 
percent abundances of kaolinite/chlorite, illite and smectite were calculated based on 
peak intensities using the Glass technique modified by Hallberg et al. (1978) (Appx. C). 
For the Ziegler Reservoir samples (n=23) kaolinite/chlorite percentages ranged from 
29.0% to 38.1%, illite ranged from 30.1% to 58.7%, and smectite ranged from 11.5% to 
38.0%. In the Snowmass Creek valley samples (n=3) kaolinite/chlorite percentages 
ranged from 24.4% to 27.6%, illite ranged from 55.7% to 63.1%, and smectite ranged 
from 12.8% to 16.6%. In the Roaring Fork valley samples (n=3) kaolinite/chlorite 
percentages ranged from 25.3% to 33.5%, illite ranged from 53.2% to 65.0%, and 
smectite ranged from 9.7% to 15.1%. Finally, in the Roaring Fork Carbondale samples  
(n=4) kaolinite/chlorite percentages ranged from 31.2% to 39.5%, illite ranged from 








Table 2. Ranges of percent relative abundance, based on peak intensity, for minerals found in the Ziegler Reservoir, 
potential source area and other local samples. 
 
  Quartz Anorthite K-spar Micas Calcite Clays 
Ziegler Reservoir (n = 30) 64.9 to 90.3 3.9 to 20.5 1.3 to 8.6 0.0 to 3.3 0.0 to 13.6 0.0 to 6.5 
Moraine Samples (n = 2) 84.6 to 93.9 2.6 to 10.6 2.3 to 3.6 1.0 to 1.2 0 0.0 to 0.2 
Dust on snow (n = 1) 80.31 9.88 6.94 1.59 0 1.08 
Dust trap 04/12 - 10/12 (n = 1) 83.8 6.01 3.5 0.89 4.58 1.23 
Snowmass Creek samples (n = 11) 53.7 to 94.2 3.9 to 27.8 0.0 to 4.8 0.6 to 2.5 0.0 to 33.7 0.0 to 0.9 
Roaring Fork samples (n = 13) 44.1 to 82.8 5.0 to 23.9 0.5  to 6.1 0.0 to 2.1 0.0 to 32.4 0.0 to 1.9 




Table 3. Averages of percent relative abundance found in silt from the Ziegler Reservoir and provenance  
samples tested in this study. 
 
Quartz Anorthite K Feldspar Micas 
Ziegler Reservoir 78.97 9.72 3.86 1.49 
Roaring Fork Outwash samples 55.55 11.94 3.48 1.38 
Roaring Fork Outwash- Carbondale area 64.99 8.07 3.72 1.18 




Figure 16. Mineralogy for silt-sized particles from the Ziegler Reservoir sediment groups, 
potential provenances, modern dust from the Ziegler property, the impounding moraine, 






Figure 17. Clay mineral percentages for clays extracted from bulk samples. Ziegler 
Reservoir size sub-groups are based on dominant grain size prior to clay extraction. 
 
5.3 Geochemistry 
 Samples were submitted to the University of Wisconsin Nuclear Reactor 
Laboratory, Madison, Wisconsin and the USGS INAA Laboratory, Denver, Colorado, for 
geochemical analysis. Each laboratory has slightly different elements included in the 
analysis performed (Table 1). Complete data sets can be found in Appendix D. Seven 
samples were submitted to both labs to verify consistency.  
Error was reported as the coefficient of error (CV %) at the USGS and as percent 
error (standard error as percentage of the ppm value) at the University of Wisconsin lab. 
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Values for gold (Au), were measured in parts per billion (ppb) by both labs, typically had 
high error values, and not used in this study. For much of the elemental data, values 
appear consistent between laboratories. In 136 direct comparisons of elemental 
concentration between labs, values were within statistical range 41% of the time. The 
University of Wisconsin’s data had percentage of error above 10% for 44 measurements 
out of the 136 direct comparisons. The highest percentage of error was 40.9% for 
zirconium. However, comparable data from both labs appeared to be within reasonable 
ranges for the comparisons made in this study. For example; sample 28-6 from 
Snowmass Creek valley had chromium concentrations of 28.9 ppm (1.5 CV%, USGS) 
and 37.94 ppm (4.2% of error, U of WI), yet the range for chromium for all the samples 
from the Snowmass Creek valley ranged from 28.9 to 73.09 ppm. Two notable 
exceptions in the data are lutetium and neodymium. Percentages of error in the Wisconsin 
data ranged from 21.5% to 21.9% for lutetium and 21.2% to 39.5% for neodymium 
which greatly increased the range of values for these elements. No values were 
eliminated from the data; however data points with high error percentages were noted. 
 Elemental abundances found in the silt from Ziegler Reservoir, the Snowmass 
Creek valley area, the Roaring Fork valley area, and the Roaring Fork-Carbondale area 
contained similar concentrations for most major and trace elements, although the 
provenance samples generally had wider ranges. For example; the percentage of iron in 
the Ziegler Reservoir silt ranged from 0.9% to 3.0%, Snowmass Creek valley silt ranged 
from 2.0% to 3.8%, Roaring Fork valley silt ranged from 2.2% to 5.4%, and the Roaring 
Fork-Carbondale silt ranged from 1.9% to 3.4%.  Similarly, the range of thorium 
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abundance for the Ziegler Reservoir silt was 7 to 12 ppm, 10 to 14 ppm in the Snowmass 
Creek valley silt, 11 to 25 ppm in the Roaring Fork valley silt, and 8 to 33 ppm in the 
Roaring Fork-Carbondale silt. The samples from the impounding moraine, the Mancos 
Shale, and the modern dust sample also had the similar elemental concentrations; iron 
ranged from 1.5% to 3.2%, and thorium ranged from 7 to 16 ppm. We did not find any 
significant variations in the elemental concentrations between any of the sample groups. 
These evaluations included standard geochemical ratios based on mineral assemblages, 
such as La-Sc-Th, as well as elements that were compared based on visual inspection of 
the data. 
Finally, the (chondrite normalized) rare earth element (REE) concentrations 
indicates that the Ziegler Reservoir silt samples have similar composition to those of 
evolved upper continental crust materials (Taylor and McLennan, 1995). Silt from the 
Ziegler Reservoir, Snowmass Creek valley, Roaring Fork valley, Roaring Fork-
Carbondale area, and the impounding moraine samples show similar patterns. For 
example; in all samples analyzed, lanthanum ranged from 74 to 139 ppm, gadolinium 






Chapter Six: Discussion 
6.1 Evidence of eolian transport 
6.1.1 Watershed and moraine morphology 
Many of the scientific investigations of the Ziegler Reservoir fossil site have 
focused on the vast array of floral and faunal remains found near the dam construction 
site along the southeast margin of the basin. Most of the fossils were recovered in a 
sequence of debris flows that are interbedded with fine-grained sediments. Units 
containing the fine-grained sediments can be traced over large parts of the basin, whereas 
the debris flows only extended ~50 m towards the basin center before pinching out 
(Pigati et al., 2014). This study focuses on the source of these fine-grained sediments, 
which are up to ~10 m thick in the basin center, and the mechanism of their delivery to 
the basin. 
Ziegler Reservoir is situated at the top of a ridge in a ~14.2 ha watershed and has 
a current water surface area of ~5 ha. This relatively small watershed provides limited 
surface area for precipitation catchment and fluvial transport of sediments. The current 
watershed surface shows no developed fluvial morphology. While some sheet flow is 
likely, there is no evidence of significant fluvial processes within the large volume of 
fine-grained basin center sediments. Laminar bedding was observed in some of the 
outcrops and the cores, but we did not find any evidence of cross bedding or fining 
upward sequences. Additionally, at an altitude of ~2705 m, a considerable portion of the 
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annual precipitation falls as snow, which further minimizes the opportunity for intense 
sheet wash or other flashy sediment transport. 
The morphology of the impounding moraines also indicates limited fluvial 
transport of watershed sediments towards the basin center. If sediments from the 
impounding moraine were the dominant source of the fine-grained sediments for the 
center of the basin, one would expect the moraine to be somewhat depleted in fine-
grained sediments leaving coarser material in place. Field observations, however, show 
the opposite; moraine surfaces are covered by fine-grained sediment and are generally 
lacking in gravel and boulder-sized clasts. Additionally, soil pits excavated on the 
moraine crests showed accumulation, rather than loss of fine-grained material. Soil 
descriptions from these pits describe silt loam and light silty clay loam in the A and E 
horizons indicating the addition of eolian clays and silt to the moraine surface (Pigati et 
al., 2014). These physical attributes do not support an interpretation of fluvial transport of 
fine-grained materials from the impounding moraines to the basin center. 
 
6.1.2 Particle size data 
 Silt (50–2 µm) is the dominant particle size for the majority of the fine-grained 
sediments in Ziegler Reservoir (43% to 86% silt). Three sub-groups of the Ziegler 
Reservoir sediments are apparent based on the particle size analyses; sand-rich silt (>20% 
sand), silt-rich (> 70% silt) and clay-rich silt (> 20% clay). Although there is variation in 
particle size within each of these sub-groups, all three have textures that fall within the 
range of wind transported materials (Fig. 15).  
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Modern eolian dust at the Ziegler Reservoir fossil site also falls within the particle 
size range of the Ziegler Reservoir sediments. Two bi-annual, passive dust samples were 
collected at heights of 1.8 meters above the ground surface (above the local saltation 
height) on the Ziegler property. Wet dispersion laser particle size distributions were 
generated in contrast to the settling techniques used on the Ziegler Reservoir samples. 
Despite the small sample size (n=2) and different analytical methods, these samples plot 
in the area of the sand-rich silt from the Ziegler Reservoir and illustrate the sizes of air 
fall particulates at the site currently. 
Particle size data from the Ziegler Reservoir silt-rich sub-group are very similar to 
loess standards used by the Quaternary Materials Laboratory at the University of Iowa 
(Fig. 15). The silt-rich samples have silt content ranging from 80% to 90% silt, which is 
nearly identical to the Iowa loess standard. This pattern demonstrates the similarity in 
particle size textures of the fine-grained Ziegler Reservoir sediments and known wind-
delivered loess sediment.  
The PSA data for the Ziegler Reservoir sediments also have similarities with data 
from other local eolian deposits. While examining rock-glaciers on Mt Sopris (3948 m), 
approximately 20 km WNW of Ziegler Reservoir, Birkeland (1973) described a wind-
delivered loess mantle, trapped on the surface of rock-glaciers. These eolian deposits 
likely mixed with the rock-glacier matrix below, creating a coarser texture (Fig. 10). The 
particle size textures of this loess deposit are more sand-rich than the majority of the 




 A second study site, approximately 12 km to the ESE of the fossil site, also 
exhibits wind-deposited silt at high elevation. McCalpin and Irvine (1995) described 
sediments that filled structural crevices on the upper reaches of the Aspen Highlands Ski 
Area at an elevation of 3775 m. Their study describes buff-colored sediments filling the 
crevice, despite being surrounded and underlain by the reddish-brown Maroon 
Formation. The authors interpret the silt as being deposited by wind on the immediate 
surface and then transported into the crevices via sheet wash processes. The trench dug 
for McCalpin and Irvine’s study also contains wetland deposits within this sackungen 
feature (structural crevice). It may be possible that the silt simply washed in as sheet 
flow, although if this was the case, the sediments would have incorporated more of the 
surrounding Maroon Formation materials and would have been more reddish-brown in 
color instead of the buff appearance observed. These samples plot only slightly coarser 
than the silt rich Ziegler Reservoir samples and again demonstrate high altitude eolian 
deposits of dust in the local area. 
In sum, the PSA data of the Ziegler Reservoir samples indicate eolian delivery as 
the likely transport mechanism for the fine-grained sediments found in the basin. When 
compared to loess standards, other local eolian deposits, as well as modern dust in the 
area, the Ziegler Reservoir sediments exhibit similar or finer particle size textures. 
6.2 Evidence of Provenance  
The abundance of silt-sized particles (50–2 µm) in the fine-grained sediments of 
Ziegler Reservoir directed provenance investigations to sources with large volumes of 
available silt. The residual glacial deposits in the Snowmass Creek valley (directly to the 
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west of the Ziegler Reservoir) and the glacial outwash plains in the Roaring Fork valley 
had abundant silt available during the period of basin deposition. 
To the east of Ziegler Reservoir, Brush Creek drains into the Roaring Fork valley 
just south of Aspen. The Roaring Fork and its upper tributaries, Castle Creek, Maroon 
Creek and Hunter Creek, also contained large glaciers during the Pleistocene glacial 
episodes. A series of glacial outwash terraces fill the Roaring Fork valley below Aspen 
where the glaciers coalesced (Bryant, 1979). These terraces have been correlated with 
glacial episodes based on relative dating techniques of Piety (1981) (Fig. 18). Fluvial and 
glacial sediments deposited in the Roaring Fork and Snowmass Creek valleys during 
early phases of the Bull Lake glaciation, as well as during previous glaciations, would 
have been re-worked by fluvial systems during late Bull Lake and Sangamon times. 
Thus, these sediments are considered to be potential sources of the Ziegler Reservoir silt. 
While this study focused on the valley sediments as a source for the large volume of silt, 
another potential source for the fine-grained sediments of Ziegler Reservoir may have 
been the upland interfluves of the surrounding area. Weakly cemented Maroon Formation 
and the Mancos Shale bedrock surfaces may have weathered considerably during MIS 6 
through periglacial processes. During MIS 5 these surfaces may have also undergone 
pedogenic weathering processes. The resulting sediments may have been made available 
to wind scour during dry periods. Alpine surfaces in Colorado have been demonstrated to 
be both sources, and catchment surfaces, of eolian fines (Thorne and Darmody, 1985; 
1985b). Data generated by this study do not provide a method to distinguish the upland 




Figure 18. Glacial outwash terraces mapped by Piety (1981). View from Smith Way and 
Hwy 82, about 9 km northeast of Ziegler Reservoir, looking to the south-east. Photo is 
taken from the Pinedale terrace on west side of Roaring Fork River, which is at the base 
of the terrace marked Pinedale in the foreground. 
 
The Roaring Fork valley was divided into the Roaring Fork area (Aspen to 
Woody Creek) directly east of the Ziegler Reservoir, and the Roaring Fork-Carbondale 
area (Carbondale to Glenwood Springs) north and west of the reservoir (Fig. 10). These 
two stretches of glacial outwash terraces are separated by a narrow bedrock constriction 
that currently lacks abundant fluvial deposits. The Roaring Fork-Carbondale stretch also 
has input from the Crystal River with a watershed to further west of Snowmass Creek 
valley which contains less pre-Cambrian bedrock and more basaltic units. Additionally, 
the Roaring Fork-Carbondale provenance area lays to the north and west of the Ziegler 
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Reservoir and would be ideally situated to deliver sediments to the site via northwesterly 
winds.  
 
6.2.1 Mineralogical data 
 Mineralogical and geochemical data from Ziegler Reservoir and the three 
hypothesized provenances show very similar results. Quartz is the most abundant mineral 
for the Ziegler Reservoir silt-sized particles (67% to 90%) as well as the provenance 
samples (43% to 94%). The next most abundant minerals for the Ziegler Reservoir 
sediments were plagioclase feldspars (5% to 20%), potassium feldspars (1% to 9%), and 
micas (1% to 3%). Silt from the three dominant particle size sub-groups of the Ziegler 
Reservoir samples (sand-rich, silt-rich, and clay-rich), did not show any consistent 
variance for these minerals (Fig. 16). Ratios between plagioclase, potassium feldspars, 
and micas were all similar between the Ziegler Reservoir silt and the provenance area silt. 
Modern dust collected at the fossil site also exhibited similar ratios for these minerals. 
 Although silt (50–2 µm) sized particles were the main focus of this study, clay-
sized particles (<2 µm) from Ziegler Reservoir samples as well as from several samples 
from the provenance areas were analyzed for clay mineralogy (Fig. 17). Although this 
data set contains a fairly low number of samples, no discernible differences are apparent. 
The most distinguishing mineralogical change in the clays of Ziegler Reservoir samples 
can be observed when the data are examined in stratigraphic order (Fig. 19). Up section, 
the percentages of illite are relatively constant until they begin gradual decline from Unit 
10 through Unit 17 (near the top of the stratigraphy).  In contrast, smectite concentrations 
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increase up section from Unit 10 until smectite becomes more abundant than illite in Unit 
17. Silt mineralogy, silt geochemistry, and particle size data all indicate that the sediment 
source was likely constant through deposition of these units. Additionally, changes in 
clay mineral percentages are greatest at the top of the stratigraphic column, which was at, 
or near the surface for a considerable amount of time (~55 ka). Because silt mineralogy 
and geochemical data (see below) indicate a uniform source, the decreasing percentages 
of illite and increasing percentages of smectite are interpreted to be the result of post-
depositional, pedogenic, and/ or in-situ weathering. One alternative to this interpretation 
might be that the weathering of illite to smectite occurred on the surfaces of upland 







Figure 19. Relative abundances of clay types for the Ziegler Reservoir sediments. 







6.2.2 Geochemical data 
 Similar to the mineralogical data, the geochemical data do not show any 
significant differences between the silt from the Ziegler Reservoir stratigraphy and those 
from the provenance areas. Elemental ratios used for comparison were based on 
mineralogical associations, or differences seen in the numerical data, and included; La-
Yb, Th-Zr, Sb-Th, Ni-Co-Fe, Hf-Co-Th (geochemical data can be found in Appendix D).  
Like the mineralogical data, ratios of trace elements found in silt from the Ziegler 
Reservoir are nearly identical to those from the provenance areas. Figure 20 displays the 
repeating ratios of scandium, lanthanum and thorium, which is a common substitution 
series for feldspars. Major elemental ratios, such as strontium and calcium, also display 
similar patterns when comparing Ziegler Reservoir silt, with silt from the provenance 
areas (Fig. 21). The pattern of similar ratios in geochemical data between the Ziegler 
Reservoir, the provenance areas, the impounding moraine samples, the modern dust 
samples, the dust on snow sample, as well as the Mancos Formation samples was the 
same regardless of the elemental ratios tested. Geochemical data from this study do not 
demonstrate any differences between the silt from the Ziegler Reservoir and the 
provenance areas examined. 
Bedrock surfaces were not initially considered as likely sources of large volumes 
of silt and, therefore, only two samples of the Mancos shale were collected in surface 
exposures immediately the north of the site. No samples were gathered directly from the  
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Figure 20. Geochemical data for sample suites used in this study. Data comes from silt 
fractions except for Cullers (2000) data which is from bulk geochemistry. Ziegler 
Reservoir size sub-groups are based on dominant grain size. 
 
 
Figure 21. Calcium and strontium data for the Ziegler Reservoir sediments and 
provenance areas. Ziegler Reservoir size sub-groups are based on dominant grain size. 
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Maroon Formation. The large amount of the Maroon Formation material that was evident 
in the impounding glacial moraine allows the moraine samples to serve as proxy Maroon 
Formation samples. Additionally the dust on snow sample (DOS-3) that was clearly from 
the local Maroon Formation also serves as a proxy for the Maroon Formation. Although 
these samples are small in number (and in the case of the Maroon Formation are only 
proxy samples), the mineral and geochemical data from these samples have very similar 
mineral and geochemical patterns to those seen in the Ziegler Reservoir sediments (Figs. 
16, 17 and 20). 
Cullers (2000) examined several Pennsylvanian-Permian formations in Colorado 
that included a suite of samples (n = 18) collected from exposures of the Maroon 
Formation along I-70 near Glenwood Springs, approximately 50 km NW from the 
Ziegler Reservoir. Although Cullers’ study used bulk samples and this study focused on 
silt fractions, the elemental data shows considerable overlap with our data despite the 
lower quartz to feldspar ratios within his bedrock samples (Fig. 20). Cullers’ petrographic 
analysis shows quartz mineral abundances of only 19% to 36% quartz, while the Ziegler 
Reservoir silt samples tested ranged from 70% to 90% quartz (Cullers, 2000).  
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Figure 22. Rare earth element (REE) diagram showing averaged compositions of the 
Ziegler Reservoir silt and averages from the silt of suspected provenance areas. Upper 
continental crust averages (Taylor and McLennan, 1995) and the Maroon Formation. 
(Cullers, 2000) are shown for comparison. Neodymium and lutetium variance is due to 
high coefficients of variation for data in the Ziegler Reservoir and the provenance 
samples. 
 
6.2.3 Rare earth elements 
Rare earth elements (REE) also show similarities between the Ziegler Reservoir 
silt, the Maroon Formation data, and sediments from the provenance areas tested (Fig. 
22). REE patterns for all three are characteristic of upper continental crust (Gallet et al., 
1998; Taylor and McLennan, 1985). The Ziegler Reservoir REE data, like the mineral 
and elemental data, indicate that the samples in this study reflect a similar source which 
has a signature of an evolved upper continental crust. For Ziegler Reservoir, that source is 
likely some combination of the Maroon Formation and the Mancos shale. Other 
sedimentary units in the study area cannot be ruled out as potential sources for the Ziegler 
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Reservoir sediments, but are not as spatially exposed as the Maroon Formation and 
Mancos Shale.   
In terms of specific source(s), the Ziegler Reservoir silt could have been derived 
from local (immediate terrain surrounding the basin) to regional (Aspen to Glenwood 
Springs) sources. In addition to dominating the immediate vicinity, the Maroon 
Formation and the Mancos shale comprise the majority of the bedrock exposed in the 
larger region. Thus, although the provenance of the Ziegler Reservoir silt cannot be 
precisely determined from the mineralogical or geochemical data in this study, these two 
units are the most likely sources for the bulk of the Ziegler Reservoir silt, and more 
distant sources are not required to account for mineralogy, geochemistry, or rare earth 
element patterns. 
 
6.3 Evidence of climate change in the Ziegler Reservoir sediments 
6.3.1 Ziegler Reservoir sediments and Marine Isotope Stages 
Particle size distributions of the Ziegler Reservoir sediments provide insight into 
the depositional environments present at the site from the end of the Bull Lake glacial 
period (MIS 6), through the Sangamon Interglacial stage (MIS 5) and into the early 
Wisconsin glacial period (MIS 4). Little is known about the Sangamon or the early 
Wisconsin in the Rocky Mountains, whereas the late Wisconsin glacial episode (MIS 2) 
is well documented by deposits associated with the equivalent Pinedale deposits (Pierce 
et al., 2011; Madole, 1986).  
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Changes in environmental proxies at Ziegler Reservoir appear to correspond, at 
least in a broad sense, with marine isotope stages (Miller et al., 2014). The Ziegler 
Reservoir pollen record shows seven different zones of vegetation which correlate with 
MIS stages based on the OSL chronology (Anderson et al., 2014) (Fig. 23). The timing of 
the transitions between pollen zones and marine isotope stages is not an exact match, but 
falls within limits of the OSL-based age model and uncertainties associated with the 
original transitions in the marine foraminifera record (Mahan et al., 2014; Martinson et 
al., 1987).  Thus, considering the inherent limits of the Ziegler Reservoir age model (see 
Chapter 3; Mahan et al., 2014), the complexity of the combined stratigraphy of the basin, 
and variations in the local to regional response to global climate change, it is reasonable 
to conclude that changes in the pollen record, and therefore other records at Ziegler 












Figure 23. Pollen diagram from Anderson et al. (2014). Pollen zones approximately correlate with the MIS stages of Martinson 
et al. (1987). Stratigraphic units are correlated with depth and adjusted to age, which is based on the OSL data and three pollen 
zone boundaries which are correlated to MIS 5 sub-stage boundaries (Mahan et al., 2014).
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6.3.2 Sedimentation zones and climatic interpretations 
 Sediment zones, sand-rich, silt-rich, and clay-rich, of the Ziegler Reservoir 
stratigraphy (Fig. 14) indicate different depositional settings or potential climatic 
interpretations. Sand-rich zones in Units 7 and 8 appear to represent the distal end of the 
debris flows that extended into the basin based on their position in the stratigraphic 
section (Pigati et al., 2014). The sand-rich sediments are used to correlate the basin’s 
margin and center stratigraphic sections, but are not interpreted as representing a climatic 
signal. 
 Silt is the dominant grain size (50–2 µm) for the majority of the Ziegler Reservoir 
stratigraphy and silt-rich sediment zones have textures similar to that of known loess 
deposits (Figs. 14 and 24). These zones may represent steady-state particle size 
distributions for eolian deposits of Ziegler Reservoir. A uniform zone of fine silt (8–2 
µm) spans Pollen Zones 5d through 5b (correlative to MIS 5d–5b) which exhibits 
dramatic changes in vegetation. This steady pattern indicates that silt content did not 
respond to climate variation in this depositional environment. While sand and silt 
dominated zones do not appear to respond to climatic change, clay-rich sediment zones 
appear to indicate glacial conditions. 
Clay-rich sediment zones in the stratigraphy contain 37% to 50% of particles <16 
µm.  Typically, this grain-size class is considered to represent far traveled dust (Pye, 
1987). However, mineralogical and geochemical data for the silt found in the clay-rich 
zones suggest a local to regional source for these sediment zones. The Snowmass Creek 
glacier and the Roaring Fork glacier systems carved through the Maroon Formation and 
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the Mancos Shale as well as other local sedimentary units with relatively weak 
cementation and inherent fine-grain size. Thus, clay-size particles resulting from the 
grinding of these sedimentary units by glaciers may have been abundant in the nearby 
valleys surrounding Ziegler Reservoir. Additionally, weathered upland surfaces, as 
sources of eolian fines, cannot be ruled out as potential sources by data in this study. Our 
conceptual model is that clay-sized particles (glacial flour) originated from glacial 
grinding, (and/ or periglacial surfaces) and were then transported to the lacustrine basin 
via eolian processes. Other studies have used the fluvial addition of clay-sized particles 
into lacustrine settings as a proxy for glacial activity up stream (Bischoff and Cummings, 
2001; Rosenbaum and Reynolds, 2004; Rosenbaum and Heil, 2009).  
Alternative hypotheses that could be invoked to explain the increase in clay-sized 
particles in the upper and lower clay-rich sediment zones at Ziegler Reservoir include: (1) 
changes in sediment source, (2) a decrease in the energy of the eolian system, and (3) 
changes in the sediment catchment properties of the Ziegler Reservoir surface. These 
alternatives, however, are not supported by the physical, geochemical, or mineralogical 
data. For example, if the presence of the clay-rich zones represents an increase in far-
traveled dust, we would expect to find a change in the geochemical and mineralogical 
data representative of a different source area.  This was not found.  Additionally, 
although clay content increases up to ~45% in the clay-rich zones, a significant fraction 
of the particles are between 2 mm and 16 µm, rather than the <16 m of far-traveled dust 
as suggested by Pye (1987) (Fig. 24). Similarly, particle size data do not support 
decreasing eolian energy as an alternative depositional mechanism for the clay-rich 
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zones; as sub-fractions of silt content do not show a trend toward smaller fractions in 
Units 17 and 18 (Fig. 24). Finally, while surface conditions were changing during the 
upper clay-rich sediment zone (Figs, 5 and 14), the site was always characterized by 
either open water or a marsh/wetland, which are both idea for trapping fine-grained 
eolian material (<16 µm). Thus, the alternative hypothesis of changing surface conditions 
as an explanation of the transition to a clay-rich zone is not supported by the data. 
The lower clay-rich sediment zone (Units 3 and 4) occurs within, and 
immediately after MIS 6 (Figs. 14 and 24). The source of this clay was most likely from 
the local to regional area following the recession of Bull Lake glaciers. Clay-sized 
material then tapers off to a static level of 10% to15% through most of the Ziegler 
Reservoir stratigraphy. Units 6, 7 and 8 show no significant increase in clay content, 
indicating a lack of local glacial activity. These units correlate to MIS 5d (Anderson et 
al., 2014), and indicate that MIS 5d and MIS 5b, although cool, were not a glacially 
active periods in this region. This data support evidence presented by Pierce (2003) 







 Figure 24. Particle size data for Ziegler Reservoir sediments with unit designations and Pollen Zones based on 
Anderson et al. (2014). Because of uncertainties in the Ziegler Reservoir age model and/ or local climatic variation, 
MIS stages are approximately equivalent and based on OSL dates and vegetative shifts from the pollen analysis 




The upper clay-rich sediment zone begins in Unit 15, and elevated levels of clay 
sized particles continue to the top of the stratigraphic column (Units 16, 17 and 18). Unit 
15 is an organic peaty silt and Unit 16 is a peat with little mineral matter, and both were 
deposited during Pollen Zone 5a, (MIS 5a), which appears to have been a warmer period 
(Anderson et al., 2014). The increase in clay for these units is likely due to downward 
translocation of clay sized material into the porous, organic-rich Units 15 and 16. The 
timing of the translocation of the clays is uncertain but likely began at the onset of 




Figure 25. Upper units of the Ziegler Reservoir stratigraphy compared to the MIS stages 
of Martinson et al. (1987). Ziegler Reservoir ages are from Mahan (2014). Unit 16 is a 
peat unit, Unit 17 is clayey silt and Unit 18 is a clay unit. Note that the boundary between 
Unit 16 and 17 is within the uncertainty of the MIS 5a/4 boundary of Martinson et al. 
(1987). Clay rich units 17 and 18 suggest increased glacial activity in the area during MIS 




Units 17 and 18, comprise the bulk of the upper clay-rich sediment zone, and were 
deposited during MIS 4 and the earliest part of MIS 3 (Mahan et al., 2014; Martinson et 
al, 1987). Unit 17 has ~ 37% clay sized particles and contains little organic material. Unit 
18, which was nearly devoid of organic material and consists of 27% to 45% clay sized 
particles. Thus Unit 17 may represent the early stages of glacial activity in early MIS 4, 
and Unit 18 represents a more robust glacial landscape of MIS 4. 
Many studies have presented a chronology of the late Pinedale glacial episode 
(MIS 2) (Pierce et al., 2011; Licciardi and Pierce, 2008; Madole, 1986). However details 
surrounding the early Pinedale (early Wisconsin, MIS 4 and 3) have been more elusive 
due to erosion or cover by late Pinedale glaciers (Pierce et al., 2011; Pierce, 2003). 
Coleman and Pierce (1981) dated moraines at McCall, Idaho to ~60–70 ka using 
weathering-rind thickness. Pierce et al. (2011) describes a glacial loess-paleosol unit with 
an age of ~76–69 ka, based on thermo-luminescent, cosmogenic 
10
Be and meteoric 
10
Be 
chronology. Bischoff and Cummins (2001) reported glacial flour in Owens Lake, 
California, indicating glacial activity in the Sierra Nevada ~78–66 ka. Although 
chronologically less constrained, sedimentology in the Bear Lake record (Kaufman et al., 
2009) shows the input of glacial flour roughly at 75 ka. The upper  clay-rich sediment 
zone at Ziegler Reservoir indicates that significant glacial (and periglacial) activity 
occurred in the Rocky Mountains of west-central Colorado by ~77 ka (MIS 4), and 






Chapter Seven: Conclusions 
The Ziegler Reservoir fossil site provides an opportunity to study environmental 
conditions at high elevations in the Rocky Mountains from the end of MIS 6, through the 
beginning of MIS 3. During MIS 6, Bull Lake glaciers overtopped a ridge between 
Snowmass Creek valley and the Brush Creek drainage and left behind a moraine that 
impounded a small lake fed by a relatively small watershed. This basin hosted a lake, 
then a wetland or marsh, between ~140–55 ka, and was positioned just out of reach of the 
subsequent Pinedale glacial ice (MIS 2) in the Snowmass Creek valley. 
Several lines of evidence indicate that most of the fine-grained sediments were 
transported to the basin by eolian processes.  Most of the stratigraphic units have particle 
size distributions that are very similar to loess standards used by the Quaternary Materials 
Laboratory at the University of Iowa. Additionally, researchers have found wind-
deposited sediments in the area that also have very similar grain size textures compared 
to the fine-grained sediments at Ziegler Reservoir (McCalpin and Irvine, 1995; 
Birkeland, 1973). Modern dust captured at the site also has grain size textures that are 
only slightly coarser than the silt-rich Ziegler Reservoir sediments. Pedogenic analysis of 
the impounding moraines indicates that fine-grained materials have been added to the 
watershed (Pigati et al., 2014). Optical response properties of the fine-grained sediments 
indicate full bleaching conditions before deposition, which also indicates eolian transport 
(Mahan et al., 2014). Finally, no indicators of fluvial processes, such as deltaic, cross-
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bedding or upward fining sequences, were found in the fine-grained stratigraphy, nor was 
there any evidence of fluvial morphologic characteristics within the small watershed. 
Mineralogical and geochemical data indicate that local to regional (Aspen to 
Glenwood Springs) surficial deposits were likely the source(s) of the fine-grained 
sediments found in the Ziegler Reservoir. Glacial deposits in the adjacent Snowmass 
Creek valley and large outwash plains found in the nearby Roaring Fork valley are likely 
sources of the large volumes of silt found in the Ziegler Reservoir stratigraphy. Interfluve 
surfaces of the Maroon Formation and the Mancos Shale may have also been potential 
sources. Silt found in these source deposits are indistinguishable from the silt found in the 
reservoir in terms of both mineralogical and geochemical comparisons. Rare earth 
elements of silt from both the Ziegler Reservoir stratigraphic section and the provenance 
areas all exhibit patterns characteristic of an evolved, upper continental crustal source. 
Overall, eroded materials of the Maroon Formation and Mancos Shale from nearby 
surfaces, or entrained in fluvial systems, are the most likely sources for Ziegler Reservoir 
fine-grained sediments. 
 Variations in the particle size distributions of the fine-grained sediments at 
Ziegler Reservoir provide insight into climatic conditions between MIS 6 and 3. 
Specifically, clay-rich units appear to be indicators of local glacial activity. Higher 
percentages of clay appear in Units 3-5, which correlate in time with the end of MIS 6 
(Bull Lake), and may represent the presence of abundant clay-sized (<2µm) glacial flour 
in nearby valleys. Low to background levels of clay in Units 6 through 16, corresponding 
to MIS 5e through MIS 5b, indicate an absence of glacial activity in the Elk Mountains 
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during these periods. Finally, Units 17 and 18, contain significant quantities of clay-sized 
sediments (up to 45%), and correlate with MIS 4 and early MIS 3, indicating a return of 
glacial activity in the region during MIS 4 (early Wisconsin/ Pinedale) that lasted into 
early MIS 3. 
The unique setting of Ziegler Reservoir provides a continuous record of 
terrestrial, paleo-environmental conditions spanning a poorly defined period in the Rocky 
Mountains (MIS 5–4). This study demonstrates how records of dust can contribute to the 
understanding of past climatic conditions and helps to define the timing of climatic shifts 
during the Pleistocene. The Ziegler Reservoir record demonstrates past climatic change in 
the sub-alpine zone of the Colorado Rockies, and helps to place potential future changes 
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Ziegler Reservoir   
 surface 
(cm)   
ZR10.51.18.252-257 ZR-B19 75 18 
ZR10.51.18.217-222 ZR-B18 110 18 
ZR10.51.17.132-137 ZR-B17 195 17 
ZR10.51.16.77-82 ZR-B16 230 16 
ZR10.43.15.297-302 ZR-B15 300 15 
ZR10.43.14.200-205 ZR-B14 397 14 
ZR10.43.14.150-155 ZR-B13 448 14 
ZR10.43.13.103-108 ZR-B12 494 13 
ZR10.43.13.59-64 ZR-B11 538 13 
ZR10.43.12.38-42 ZR-B10 560 12 
ZR10.43.11.28-36 ZR-B9 568 11 
ZR10.43.10.15-20 ZR-B8 583 10 
ZR10.43.10.0-8 ZR-B6 600 10 
ZR43C-A-1-1 -11-16   708 8 
ZR43C-A-1-1-50-55   747 8 
ZR43C-A-1-1-75-79   771 8 
ZR43C-A-1-1-99-104   805 7 
ZR43C-A-1-2-34-37   852 7 
ZR43C-A-1-2-59-62   878 6 
ZR43C-A-1-2-85-90   905 6 
ZR43C-A-1-3-24-28   938 5 
ZR43C-A-1-3-49-52   963 4 
ZR43C-A-1-3-70-73   983 4 











Sample ID Abbv. ID 
Depth 
below Unit 
Ziegler Reservoir   
 surface 
(cm)   
ZR10.52.9b.(-7)-(-1) ZR-B7 * 9b 
ZR10.52.9b.(-17)-(-11) ZR-B5 * 9b 
ZR10.52.9a.(-43)-(-36) ZR-B4 * 9a 
ZR10.52.8.(-119)-(-111) ZR-B3 * 8 
ZR10.52.8.(-186)-(-177) ZR-B2 * 8 
ZR10.52.8.(ca. -300) ZR-B1 * 8 
 
*- Samples not in composite stratigraphy but used in 
mineralogy and/ or geochemistry analysis  
 
ZR-# samples were bulk samples collected from outcrop 
 








Appendix A (continued) Samples Collected 
 
Site ID Abbv. Latitude Longitude Description Location Formation 
Snowmass Creek valley             
JH0812-28-1 28-1 39 15.796 106 57.777 Till Snowmass Creek   
JH0812-28-2 28-2 39 16.548 106 57.541 Till Snowmass Creek   
JH0812-28-2A 28-2A 39 16.548 106 57.541 Till Snowmass Creek   
JH0812-28-3 28-3 39 16.209 106 57.618 Till Snowmass Creek, Roadcut near post   
JH0812-28-4 28-4 39 15.565 106 58.033 Till? Snowmass Creek Bull Lake moraine? 
JH0812-28-5 28-5 39 14.836 106 58.838 Till Snowmass Creek Bull Lake? 
JH0812-28-6 28-6 39 12.389 106 59.248 Till Snowmass Creek   
JH0812-28-7 28-7 39 12.306 106 59.345 Stream Deposit Snowmass Creek Modern 
JH0812-28-8 28-8 39 12.251 106 58.837 Till Snowmass Creek, Under chairlift   
JH1012-20-4 20-4 39 12.276 106 58.422 Till Snowmass creek- high Bull Lake till 
Mancos             
JH1012-20-2 20-2 39 12.730 106 57.689 Bed Rock Above Ziegler reservoir Mancos 
JH1012-20-3 20-3 39 12.684 106 57.628 Bed Rock Above Ziegler reservoir Mancos 
Dust Trap             
JH1012-20-T1 20-T1 39 12.417 106 58.121 Dust Trap just sw of reservoir   
JH0413-1-T2 1-T2 39 12.417 106 58.121 Dust Trap just sw of reservoir   
Dust on Snow             

















Appendix A (continued) Samples Collected 
 
Site ID Abbv. Latitude Longitude Description Location Formation 
Roaring Fork valley             
JH0812-27-1 27-1 39 12.742 106 51.663 Till Airport corner   
JH0812-27-2 27-2 39 15.514 106 52.910 Till (Terrace) Smith Hill Way & Mclain Flats Rd   
JH0812-27-3 27-3 39 53.064 106 53.064 Till     
JH0812-27-4 27-4 39 15173 106 52.376 Till     
JH0812-27-5 27-5 39 16.069 106 51.985 Loess?     
JH0812-27-6 27-6 39 16.456 106 52.858 Terrace N of Woody Creek Tavern Bull Lake Outwash 
JH0812-27-7 27-7 39 16.457 106 52.873 Terrace N of Woody Creek Tavern Bull Lake Outwash 
JH0812-29-1 29-1 39 15.619 106 53.192 Terrace Smith Way Rd   
JH0812-29-2 29-2 39 15.605 106 53.171 Terrace Smith Way Rd   
JH0812-29-3 29-3 39 15.164 106 52.391 Terrace Smith Way Rd Bull Lake Terrace 
JH0812-29-4 29-4 39 15.217 106 52.492 Terrace Smith Way gully Bull Lake Terrace 
JH0812-29-5 29-5 39 17.071 106 53.762 Terrace N of Woody Creek Tavern Pinedale Terrace 
JH0812-29-6 29-6 39 17.659 106 54.588 Terrace N of Woody Creek Tavern Pinedale Terrace 



















Appendix A (continued) Samples Collected 
 
Site ID Abbv. Latitude Longitude Description Location Formation 
Roaring Fork- Carbondale             
JH0812-29-8 29-8 39 24.316 107 14.178 Terrace Crystal Falls Ranch Bull Lake Terrace 
JH0812-29-9 29-9 39 24.316 107 14.178 Terrace Crystal Falls Ranch Bull Lake Terrace 
JH0812-29-10 29-10 39 24.848 107 14.564  Terrace Tall Gully by bike path Bull Lake Terrace 
JH0812-29-11 29-11 39 24.848 107 14.564  Terrace Tall Gully by bike path Bull Lake Terrace 
JH0812-29-12 29-12 39 24.848 107 14.564  Terrace Tall Gully by bike path Bull Lake Terrace 
JH0812-29-13 29-13 39 25.604 107 15.336 Terrace North side of flume draw Bull Lake Terrace 
JH0812-29-14A 29-14A 39 26.625 107 16.035 Terrace Lafarge quarry Pinedale Terrace 
JH0812-29-14B 29-14B 39 26.631 107 15.999 Terrace Lafarge quarry Pinedale Terrace 
JH0812-29-14C 29-14C 39 26.679 107 15.962 Terrace Lafarge quarry Pinedale Terrace 
JH0812-29-15 29-15 39 26.721 107 15.988 Terrace Lafarge quarry Pinedale Terrace 
JH0812-29-16 29-16 39 28.402 107 17.365 Terrace North of Lafarge Bull Lake Terrace 
JH0812-29-17 29-17 39 28.792 107 17.251 Terrace Bridge sample Pinedale Terrace (?) 
JH0812-29-18 29-18 39 29.785 107 18.452 Terrace Airport road Pinedale Terrace 


















Appendix B Particle size data 
















  Depth below   % % % 
 
very 
coarse coarse medium fine very fine 
Sample ID 
Abbv. 
ID  surface (cm) Unit sand silt clay 
 
silt silt silt silt silt 
Ziegler Reservoir       
2000-50 
µm 50-2 µm < 2 µm 
 
50-44 µm 44-31 µm 31-16 µm 16-8 µm 8-2 µm 
ZR10.51.18.252-257 ZR-B19 75 18 10.17 44.82 45.01   9.80 9.45 13.71 4.84 7.02 
ZR10.51.18.217-222 ZR-B18 110 18 10.09 62.78 27.13   9.60 18.34 16.50 10.05 8.30 
ZR10.51.17.132-137 ZR-B17 195 17 8.88 54.20 36.93   12.70 13.25 14.28 5.97 8.00 
ZR10.51.16.77-82 ZR-B16 230 16 8.70 63.28 28.02   9.15 29.01 10.86 7.45 6.82 
ZR10.43.15.297-302 ZR-B15 300 15 4.88 61.82 33.30   14.47 22.62 12.98 4.75 7.00 
ZR10.43.14.200-205 ZR-B14 397 14 4.00 83.72 12.28   12.39 20.22 20.04 29.23 1.84 
ZR10.43.14.150-155 ZR-B13 448 14 4.64 83.78 11.57   10.86 18.19 18.88 33.73 2.13 
ZR10.43.13.103-108 ZR-B12 494 13 3.84 85.13 11.03   16.51 17.48 20.06 29.23 1.86 
ZR10.43.13.59-64 ZR-B11 538 13 2.49 84.74 12.77   15.25 20.28 19.38 28.81 1.02 
ZR10.43.12.38-42 ZR-B10 560 12 1.39 83.00 15.61   15.17 16.07 15.11 22.51 14.14 
ZR10.43.11.28-36 ZR-B9 568 11 0.90 86.16 12.95   14.42 17.02 14.48 30.84 9.40 
ZR10.43.10.15-20 ZR-B8 583 10 2.89 83.29 13.82   21.08 19.22 14.59 18.89 9.51 
ZR10.43.10.0-8 ZR-B6 600 10 1.80 81.42 16.78   9.81 17.81 18.47 20.46 14.87 
ZR43C-A-1-1 -11-16   708 8 28.90 60.25 10.86   17.07 10.88 6.99 21.69 3.62 
ZR43C-A-1-1-50-55   747 8 33.61 55.10 11.29   18.49 8.45 13.49 13.48 1.19 
ZR43C-A-1-1-75-79   771 8 22.83 66.33 10.84   18.55 12.43 11.94 16.92 6.48 
ZR43C-A-1-1-99-104   805 7 46.81 43.56 9.62   20.40 7.64 8.40 4.03 3.09 
ZR43C-A-1-2-34-37   852 7 37.24 53.33 9.43   15.73 8.75 23.62 4.45 0.78 
ZR43C-A-1-2-59-62   878 6 14.03 70.65 15.32   20.06 27.49 17.70 0.47 4.93 
ZR43C-A-1-2-85-90   905 6 10.23 71.94 17.92   13.40 35.52 17.40 0.00 5.61 
ZR43C-A-1-3-24-28   938 5 3.20 80.78 16.02   13.84 15.97 38.23 6.29 6.46 
ZR43C-A-1-3-49-52   963 4 5.57 60.51 33.92   17.11 12.63 15.42 7.84 7.51 
ZR43C-A-1-3-70-73   983 4 10.39 47.19 42.42   13.12 9.66 9.64 9.26 5.52 
ZR43C-A-1-3-96-99   1010 3 19.26 46.98 33.75   16.95 9.52 8.67 8.50 3.34 
Dust Trap data 
            JH1012-20-T1       28.98 60.37 10.64 
      JH0413-1-T2       34.00 56.17 9.82 








Appendix C Silt mineralogy data 
Silt (50- 2 µm) mineralogy reported in counts per second (cps), with relative abundance (%) 
Ziegler Reservoir 
               
 
Quartz   Anorthite   
K-
spar   Micas   Calcite   Clays   Chlorite   Dolomite   
 
cps %  cps % cps % cps % cps % cps % cps % cps % 
B19 9700.0 82.6 1178.0 10.0 592.0 5.0 120.0 1.0   0.0 65.0 0.6   0.0   0.0 
B18 7508.0 90.3 442.0 5.3 165.0 2.0 52.0 0.6 92.0 1.1 54.0 0.6   0.0   0.0 
B17 9769.0 83.2 803.0 6.8 686.0 5.8 168.0 1.4   0.0 141.0 1.2 176.0 1.5   0.0 
B16 7946.0 88.4 619.0 6.9 300.0 3.3 53.0 0.6   0.0 53.0 0.6 16.0 0.2   0.0 
B15 6155.0 83.5 520.0 7.1 231.0 3.1 91.0 1.2 257.0 3.5 92.0 1.2 22.0 0.3   0.0 
B14 6355.0 84.8 568.0 7.6 130.0 1.7 71.0 0.9 311.0 4.1 49.0 0.7 10.0 0.1   0.0 
B13 4372.0 73.9 231.0 3.9 77.0 1.3 46.0 0.8 808.0 13.7 384.0 6.5   0.0   0.0 
B12 4961.0 67.5 607.0 8.3 629.0 8.6 96.0 1.3 974.0 13.3 67.0 0.9 13.0 0.2   0.0 
B11 4684.0 73.2 400.0 6.3 321.0 5.0 72.0 1.1 873.0 13.6 42.0 0.7 6.0 0.1   0.0 
B10 6153.0 82.3 552.0 7.4 383.0 5.1 181.0 2.4 87.0 1.2 104.0 1.4 14.0 0.2   0.0 
B9 5064.0 81.6 371.0 6.0 115.0 1.9 70.0 1.1 533.0 8.6 34.0 0.5 20.0 0.3   0.0 
B8 7858.0 80.5 1224.0 12.5 468.0 4.8   0.0   0.0 156.0 1.6 56.0 0.6   0.0 
B7 8607.0 81.4 1132.0 10.7 345.0 3.3 255.0 2.4 135.0 1.3 94.0 0.9   0.0   0.0 
B6 3386.0 73.8 381.0 8.3 138.0 3.0 57.0 1.2 579.0 12.6 47.0 1.0   0.0   0.0 
B5 6971.0 86.6 945.0 11.7 138.0 1.7   0.0   0.0   0.0   0.0   0.0 
B4 8842.0 85.3 1026.0 9.9 220.0 2.1 211.0 2.0   0.0 65.0 0.6   0.0   0.0 
B3 8793.0 80.8 1418.0 13.0 309.0 2.8 187.0 1.7 120.0 1.1 58.0 0.5   0.0   0.0 
B2 6651.0 82.9 770.0 9.6 125.0 1.6 133.0 1.7 294.0 3.7 46.0 0.6   0.0   0.0 










Appendix C (continued) 
Ziegler 
Reservoir 
                
 
Quartz   Anorthite   K-spar   Micas   Calcite   Clays   Chlorite   Dolomite   
 
cps %  cps % cps % cps % cps % cps % cps % cps % 
A-1-1-14-15 8789.0 72.1 1282.0 10.5 977.0 8.0 268.0 2.2 756.0 6.2 84.0 0.7 38.0 0.3   0.0 
A-1-1-53-54 10816.0 78.2 1553.0 11.2 521.0 3.8 187.0 1.4 754.0 5.5   0.0   0.0   0.0 
A-1-1-77-78 7406.0 67.5 1500.0 13.7 549.0 5.0 234.0 2.1 925.0 8.4 64.0 0.6   0.0 286.0 2.6 
A-1-1-101-102 12819.0 77.4 1738.0 10.5 1135.0 6.9 121.0 0.7 745.0 4.5   0.0   0.0   0.0 
A-1-2-151-152 7806.0 72.4 1538.0 14.3 147.0 1.4 187.0 1.7 1055.0 9.8 46.0 0.4   0.0   0.0 
A-1-2-175-176 7958.0 73.3 1234.0 11.4 392.0 3.6 354.0 3.3 735.0 6.8 101.0 0.9 76.0 0.7   0.0 
A-1-2-205-206 6732.0 64.9 2132.0 20.5 319.0 3.1 259.0 2.5 833.0 8.0 77.0 0.7 27.0 0.3   0.0 
A-1-3-224-225 5519.0 73.2 540.0 7.2 292.0 3.9 95.0 1.3 1004.0 13.3 67.0 0.9 18.0 0.2   0.0 
A-1-3-239-240 7027.0 84.6 775.0 9.3 299.0 3.6 103.0 1.2   0.0 81.0 1.0 26.0 0.3   0.0 
A-1-3-269-270 10838.0 84.0 1196.0 9.3 585.0 4.5 185.0 1.4   0.0 76.0 0.6 23.0 0.2   0.0 
A-1-3-299-300 8497.0 78.3 1441.0 13.3 487.0 4.5 252.0 2.3   0.0 162.0 1.5 11.0 0.1   0.0 
Moraine 
Samples 
                
 
Quartz   Anorthite   K-spar   Micas   Calcite   Clays   Chlorite   Dolomite   
 
cps %  cps % cps % cps % cps % cps % cps % cps % 
CO-ZR-9 10497.0 93.9 293.0 2.6 257.0 2.3 110.0 1.0   0.0 27.0 0.2   0.0   0.0 
CO-ZR-10 8571.0 84.6 1072.0 10.6 362.0 3.6 127.0 1.3   0.0   0.0   0.0   0.0 
Dust samples 
                
 
Quartz   Anorthite   K-spar   Micas   Calcite   Clays   Chlorite   Dolomite   
 
cps %  cps % cps % cps % cps % cps % cps % cps % 
DOS-3 8256.0 80.3 1016.0 9.9 713.0 6.9 163.0 1.6   0.0 111.0 1.1 21.0 0.2   0.0 















Appendix C (continued) 
Roaring Fork Outwash 
samples 
              
 
Quartz   Anorthite   
K-
spar   Micas   Calcite   Clays   Chlorite   Dolomite   
 
cps %  cps % cps % cps % cps % cps % cps % cps % 
JH0812-27-1 3943.0 54.8 996.0 13.8 161.0 2.2 51.0 0.7 1452.0 20.2 30.0 0.4 65.0 0.9 63.0 0.9 
JH0812-27-2 2396.0 55.3 975.0 22.5 199.0 4.6 100.0 2.3 336.0 7.7 84.0 1.9   0.0   0.0 
JH0812-27-3 3962.0 74.3 448.0 8.4 192.0 3.6 39.0 0.7 534.0 10.0 37.0 0.7   0.0   0.0 
JH0812-27-4 6468.0 82.8 787.0 10.1 317.0 4.1 122.0 1.6   0.0 38.0 0.5   0.0   0.0 
JH0812-27-6 2477.0 44.1 588.0 10.5 118.0 2.1 102.0 1.8 1647.0 29.3   0.0 61.0 1.1 39.0 0.7 
JH0812-27-7 3048.0 56.8 704.0 13.1 275.0 5.1 91.0 1.7 839.0 15.6   0.0 83.0 1.5   0.0 
JH0812-29-1 1388.0 9.5 738.0 5.0 68.0 0.5   0.0 1616.0 11.0   0.0 157.0 1.1   0.0 
JH0812-29-2 2552.0 43.4 518.0 8.8 205.0 3.5 120.0 2.0 1618.0 27.5   0.0 117.0 2.0   0.0 
JH0812-29-3 9109.0 80.4 1249.0 11.0 688.0 6.1 226.0 2.0   0.0 57.0 0.5   0.0   0.0 
JH0812-29-4 3652.0 53.7 432.0 6.3 102.0 1.5   0.0 2201.0 32.3 30.0 0.4   0.0   0.0 
JH0812-29-5 3520.0 57.3 566.0 9.2 232.0 3.8 82.0 1.3 1397.0 22.8   0.0 72.0 1.2   0.0 
JH0812-29-6 4074.0 65.7 773.0 12.5 208.0 3.4 133.0 2.1 711.0 11.5 81.0 1.3   0.0 80.0 1.3 



















Appendix C (continued) 
Snowmass Creek  samples  
              
 
Quartz   Anorthite   
K-
spar   Micas   Calcite   Clays   Chlorite   Dolomite   
 
cps %  cps % cps % cps % cps % cps % cps % cps % 
JH1012-20-4 7039.0 70.6 852.0 8.5 170.0 1.7 78.0 0.8 1826.0 18.3   0.0   0.0   0.0 
JH0812-28-1 4356.0 57.7 440.0 5.8 175.0 2.3 60.0 0.8 2384.0 31.6 49.0 0.6   0.0   0.0 
JH0812-28-2 6687.0 88.6 584.0 7.7   0.0 102.0 1.4   0.0 50.0 0.7   0.0   0.0 
JH0812-28-2A 7452.0 94.2 346.0 4.4   0.0 70.0 0.9   0.0 44.0 0.6   0.0   0.0 
JH0812-28-3 6418.0 85.1 508.0 6.7 226.0 3.0 90.0 1.2   0.0 38.0 0.5   0.0   0.0 
JH0812-28-4 3673.0 57.3 248.0 3.9 69.0 1.1 57.0 0.9 2233.0 34.8 32.0 0.5   0.0   0.0 
JH0812-28-5 5686.0 79.9 574.0 8.1 88.0 1.2 50.0 0.7 598.0 8.4 43.0 0.6   0.0   0.0 
JH0812-28-6 8597.0 66.4 3596.0 27.8 623.0 4.8 78.0 0.6   0.0 54.0 0.4   0.0   0.0 
JH0812-28-7 7656.0 85.5 750.0 8.4 371.0 4.1 101.0 1.1   0.0 79.0 0.9   0.0   0.0 
JH0812-28-7A 2821.0 53.7 259.0 4.9 143.0 2.7 129.0 2.5 1770.0 33.7 45.0 0.9   0.0   0.0 













Appendix D INAA data 
 
Instrumental Neutron Activation Analysis (INAA) data for silt (50 - 2µm) 
- In parts per/million (ppm) unless noted 
- Blank = not tested 
- ND = not detected 
- (dup) = repeat analysis within lab 
- * = sample analyzed in both labs 
- Error is reported as; 
o USGS- CV% = SD/mean 









Appendix D (continued) 
  (Ag-Cd) 
Sample Lab Ag error As error Au(ppb) error Ba error Br error Ca% error Cd error 
Ziegler Reservoir                               
ZR-B19 U of WI ND 0.0 ND 0.0 30.71 32.4     ND 0.0     ND 0.0 
ZR-B18* USGS     6.83 4.3 2.80 60.0 632.00 1.3     1.64 6.5     
ZR-B18* U of WI 5.60 38.2 ND 0.0 25.09 36.7     ND 0.0     ND 0.0 
ZR-B17 USGS     1.90 5.7 3.03 60.0 621.00 1.2     0.63 10.1     
ZR-B16 USGS     6.36 5.1 2.67 60.0 678.00 1.3     1.81 6.6     
ZR-B15 USGS     5.78 4.0 3.28 60.0 532.00 1.3     5.92 2.9     
ZR-B14 USGS     4.61 4.0 2.55 60.0 595.00 1.3     5.68 3.0     
ZR-B14 (dup) USGS     4.44 6.5 2.54 60.0 641.00 1.5     5.78 4.1     
ZR-B13 U of WI 3.18 40.2 ND 0.0 9.36 25.8     ND 0.0     ND 0.0 
ZR-B12 USGS     3.66 5.8 2.98 60.0 728.00 1.2     7.07 3.0     
ZR-B11 USGS     5.03 4.3 1.44 60.0 759.00 1.2     9.40 2.6     
ZR-B10 USGS     3.99 3.8 5.22 6.6 556.00 1.2     6.25 2.6     
ZR-B9 USGS     4.84 5.1 3.01 60.0 683.00 1.2     5.52 3.1     
ZR-B8 U of WI 4.80 35.4 ND 0.0 18.35 40.1     ND 0.0     ND 0.0 
ZR-B7 U of WI ND 0.0 ND 0.0 ND 0.0     ND 0.0     ND 0.0 
ZR-B6 USGS     4.31 5.0 2.24 60.0 853.00 1.0     12.40 2.2     
ZR-B6 (dup) USGS     4.56 6.1 2.97 60.0 897.00 1.1     13.50 2.6     
ZR-B5 USGS     2.78 7.8 0.99 60.0 576.00 1.4     3.49 4.7     
ZR-B4* USGS     3.32 5.3 1.73 60.0 543.00 1.3     2.41 4.9     
ZR-B4* U of WI ND 0.0 ND 0.0 ND 0.0     ND 0.0     ND 0.0 
ZR-B3 USGS     3.76 4.9 1.32 60.0 577.00 1.2     2.53 4.6     
ZR-B2 USGS     3.57 5.4 2.05 60.0 606.00 1.3     6.22 3.1     
ZR-B1 U of WI ND 0.0 ND 0.0 10.63 25.6     ND 0.0     ND 0.0 
ZR43C-A-1-14-15 USGS     3.83 4.2 1.30 60.0 586.00 1.3     4.98 3.3     
ZR43C-A-1-53-54 U of WI ND 0.0 ND 0.0 16.63 47.1     ND 0.0     ND 0.0 
ZR43C-A-1-77-78 USGS     3.02 5.6 5.61 10.6 605.00 1.3     5.82 3.3     
ZR43C-A-1-101-102 USGS     2.63 6.9 2.61 60.0 490.00 1.5     2.47 5.1     
ZR43C-A-2-151-152* USGS     3.42 5.4 8.12 8.4 601.00 1.4     5.94 3.4     
ZR43C-A-2-151-152* U of WI ND 0.0 ND 0.0 19.70 39.7     ND 0.0     28.50 41.5 









Appendix D (continued) 
  (Ag-Cd) 
Sample Lab Ag error As error Au(ppb) error Ba error Br error Ca% error Cd error 
Ziegler Reservoir                               
ZR43C-A-2-205-206 U of WI ND 0.0 ND 0.0 21.71 41.7     ND 0.0     ND 0.0 
ZR43C-A-3-224-225 U of WI ND 0.0 ND 0.0 ND 0.0     ND 0.0     ND 0.0 
ZR43C-A-3-239-240 USGS     9.66 3.5 10.80 9.3 808.00 1.3     0.49 9.2     
ZR43C-A-3-269-278 USGS     2.83 4.8 1.96 60.0 616.00 1.2     0.49 10.9     
ZR43C-A-3-299-300 USGS     2.68 6.4 4.64 8.5 644.00 1.2     0.70 10.7     
Moraine                               
CO-ZR-09 USGS     4.57 4.0 7.49 5.7 473.00 1.4     0.51 11.4     
CO-ZR-10* USGS     4.42 3.5 16.80 3.4 548.00 1.2     0.45 12.5     
CO-ZR-10* U of WI ND 0.0 ND 0.0 18.15 16.3     ND 0.0     ND 0.0 
Dust Trap                               
JH1012-20-T1 U of WI ND 0.0 19.28 26.8 52.62 13.4     ND 0.0     ND 0.0 
Dust on Snow                               
DOS-3 U of WI ND 0.0 ND 0.0 5.76 41.2     ND 0.0     ND 0.0 
Mancos                               
JH1012-20-2 U of WI ND 0.0 ND 0.0 ND 0.0     ND 0.0     ND 0.0 
JH1012-20-3 U of WI ND 0.0 ND 0.0 ND 0.0     ND 0.0     ND 0.0 
Snowmass Creek valley                               
JH1012-20-4 U of WI 4.86 36.5 8.63 36.7 11.57 23.2     ND 0.0     ND 0.0 
JH0812-28-1 U of WI 4.55 37.5 ND 0.0 11.95 28.2     ND 0.0     ND 0.0 
JH0812-28-2 U of WI 4.27 36.2 ND 0.0 9.99 38.9     ND 0.0     ND 0.0 
JH0812-28-3 USGS     9.14 2.7 1.37 60.0 534.00 1.5     1.09 10.3     
JH0812-28-4 U of WI 1.93 44.0 ND 0.0 8.43 38.1     ND 0.0     ND 0.0 
JH0812-28-5 USGS     7.40 2.3 0.82 60.0 505.00 1.3     7.16 2.3     
JH0812-28-6* USGS     4.29 4.4 0.10 61.0 669.00 1.2     1.00 9.2     
JH0812-28-6* U of WI 4.31 31.8 ND 0.0 12.14 29.2     ND 0.0     ND 0.0 
JH0812-28-7 USGS     5.82 3.6 2.17 60.0 634.00 1.2     1.34 6.9     








Appendix D (continued) 
  (Ag-Cd) 
Sample Lab Ag error As error Au(ppb) error Ba error Br error Ca% error Cd error 
Roaring Fork valley                               
JH0812-27-1 USGS     9.85 2.1 1.90 60.0 567.00 1.3     7.82 2.5     
JH0812-27-2 USGS     7.26 3.3 3.13 60.0 964.00 1.2     3.82 4.6     
JH0812-27-3* USGS     6.73 2.3 1.12 60.0 765.00 1.2     3.46 4.1     
JH0812-27-3* U of WI ND 0.0 ND 0.0 11.94 33.0     ND 0.0     ND 0.0 
JH0812-27-4 U of WI 8.85 33.4 ND 0.0 ND 0.0     ND 0.0     ND 0.0 
JH0812-27-5 U of WI ND 0.0 10.47 37.9 10.28 30.7     ND 0.0     ND 0.0 
JH0812-27-6 USGS     5.46 3.5 1.26 60.0 680.00 1.3     9.21 2.6     
JH0812-27-7 USGS     6.42 2.8 2.43 60.0 799.00 1.2     5.12 3.2     
JH0812-29-1 USGS     1.73 8.6 0.12 61.0 281.00 2.5     9.96 2.8     
JH0812-29-2 U of WI 3.25 34.9 ND 0.0 9.43 40.2     2.04 39.9     ND 0.0 
JH0812-29-3 USGS     5.72 3.0 1.62 60.0 547.00 1.2     0.53 11.5     
JH0812-29-4 USGS     4.92 4.1 2.11 60.0 586.00 1.5     5.34 3.6     
JH0812-29-5* USGS     5.10 3.6 0.68 60.0 659.00 1.4     8.36 2.6     
JH0812-29-5* U of WI 2.67 43.5 ND 0.0 13.48 30.6     ND 0.0     ND 0.0 
JH0812-29-6 USGS     5.68 3.5 0.28 61.0 710.00 1.3     4.17 4.0     
JH0812-29-7 U of WI ND 0.0 ND 0.0 ND 0.0     ND 0.0     ND 0.0 
Roaring Fork- Carbondale                               
JH0812-29-8 USGS     8.61 2.5 1.57 60.0 880.00 1.1     2.48 4.9     
JH0812-29-9 U of WI 2.42 43.1 ND 0.0 9.50 38.9     ND 0.0     ND 0.0 
JH0812-29-10 USGS     7.35 2.8 1.34 60.0 533.00 1.3     11.70 2.3     
JH0812-29-11 U of WI ND 0.0 ND 0.0 9.53 32.7     ND 0.0     ND 0.0 
JH0812-29-12 U of WI 8.77 30.9 18.69 36.6 ND 0.0     ND 0.0     ND 0.0 
JH0812-29-13 U of WI 6.54 36.6 ND 0.0 12.35 31.5     ND 0.0     ND 0.0 
JH0812-29-14A U of WI ND 0.0 ND 0.0 18.56 23.1     ND 0.0     ND 0.0 
JH0812-29-14B U of WI ND 0.0 19.77 36.1 10.60 35.0     ND 0.0     ND 0.0 
JH0812-29-14C U of WI 9.71 30.8 ND 0.0 9.93 36.1     ND 0.0     ND 0.0 
JH0812-29-15 U of WI ND 0.0 ND 0.0 11.50 30.3     ND 0.0     ND 0.0 
JH0812-29-16 U of WI ND 0.0 ND 0.0 17.11 26.7     ND 0.0     ND 0.0 
JH0812-29-17 U of WI ND 0.0 ND 0.0 6.55 31.7     ND 0.0     ND 0.0 









Appendix D (continued) 
  (Ce-Gd) 
Sample Lab Ce error Co error Cr error Cs error Eu error Fe% error Gd error 
Ziegler Reservoir                               
ZR-B19 U of WI 70.93 1.5 9.61 2.9 48.42 3.5 4.33 5.5 1.39 7.9 1.52 2.3     
ZR-B18* USGS 77.20 0.8 7.68 1.2 47.30 1.3 5.83 1.7 1.27 1.9 2.57 0.7 6.08 11.0 
ZR-B18* U of WI 73.53 1.6 8.41 3.5 53.12 3.6 5.65 5.3 1.46 8.2 2.65 2.2     
ZR-B17 USGS 68.30 0.7 5.41 1.2 43.50 1.2 4.86 1.8 1.21 1.8 1.42 0.8 6.97 15.7 
ZR-B16 USGS 76.00 0.8 8.32 1.3 41.50 1.5 4.96 2.0 1.34 2.1 1.46 1.1 6.29 11.5 
ZR-B15 USGS 57.20 0.8 7.37 1.1 35.40 1.4 4.25 1.8 1.02 2.1 2.00 0.7 5.01 9.8 
ZR-B14 USGS 62.80 0.8 6.75 1.2 38.30 1.3 3.85 1.9 1.08 2.0 1.53 0.8 5.09 10.3 
ZR-B14 (dup) USGS 68.00 0.9 7.30 1.4 41.60 1.5 4.21 2.2 1.14 2.3 1.62 0.8 6.13 13.0 
ZR-B13 U of WI 62.72 1.6 9.31 2.9 42.04 3.9 4.30 5.3 1.26 8.9 2.37 2.2     
ZR-B12 USGS 59.30 0.8 7.23 1.2 36.90 1.5 4.52 2.0 1.07 2.1 2.22 0.7 5.07 12.0 
ZR-B11 USGS 56.90 0.8 6.97 1.2 34.40 1.4 4.09 1.9 1.09 2.0 1.99 0.7 5.38 10.0 
ZR-B10 USGS 52.70 0.8 6.34 1.1 34.70 1.2 3.79 2.0 0.91 2.0 1.46 0.7 5.07 13.1 
ZR-B9 USGS 64.30 0.8 8.09 1.2 41.00 1.4 4.36 1.9 1.19 2.0 1.70 0.8 5.76 10.7 
ZR-B8 U of WI 54.08 1.7 7.44 3.0 45.99 3.6 4.06 6.0 1.14 8.4 1.76 2.2     
ZR-B7 U of WI 61.97 1.7 10.11 3.0 50.11 3.6 4.97 5.6 1.27 8.5 1.98 2.2     
ZR-B6 USGS 53.60 0.8 5.77 1.3 28.50 1.5 3.39 2.0 1.12 2.0 1.57 0.8 4.98 10.7 
ZR-B6 (dup) USGS 55.80 0.9 5.82 1.4 28.10 1.7 3.49 2.4 1.13 2.4 1.62 0.8 5.29 11.2 
ZR-B5 USGS 62.50 0.9 6.32 1.3 48.30 1.4 3.85 2.2 0.96 2.3 1.55 0.8 4.54 12.0 
ZR-B4* USGS 62.90 0.8 6.54 1.2 45.10 1.3 4.14 1.8 1.03 2.0 1.50 0.8 4.81 10.3 
ZR-B4* U of WI 59.64 1.6 7.47 3.1 49.58 3.6 4.09 5.9 1.24 8.4 1.54 2.3     
ZR-B3 USGS 58.30 0.7 6.08 1.2 45.90 1.1 3.23 2.2 0.94 2.1 2.00 0.7 5.65 13.4 
ZR-B2 USGS 57.50 0.8 6.08 1.3 38.30 1.4 3.54 2.0 0.94 2.2 1.91 0.7 4.54 12.0 
ZR-B1 U of WI 70.07 1.6 7.59 3.4 45.42 3.8 4.48 5.4 1.42 8.6 2.84 2.2     
ZR43C-A-1-14-15 USGS 54.30 0.8 6.00 1.2 37.20 1.4 3.56 2.2 0.98 2.1 1.72 0.7 5.14 15.5 
ZR43C-A-1-53-54 U of WI 54.02 1.8 6.36 3.2 41.34 3.6 3.01 7.0 1.17 8.0 1.92 2.2     
ZR43C-A-1-77-78 USGS 52.70 0.9 4.61 1.5 36.80 1.5 2.73 2.4 0.90 2.3 1.29 0.8 4.06 13.1 
ZR43C-A-1-101-102 USGS 54.00 0.9 3.68 1.6 40.40 1.5 1.86 3.3 0.84 2.5 0.95 0.9 5.77 13.6 
ZR43C-A-2-151-152* USGS 56.70 0.9 5.53 1.4 36.00 1.5 3.06 2.5 0.92 2.3 1.59 0.8 4.84 12.5 
ZR43C-A-2-151-152* U of WI 51.78 1.7 5.66 3.4 42.53 3.7 2.79 7.2 1.21 8.4 1.42 2.3     










Appendix D (continued) 
  (Ce-Gd) 
Sample Lab Ce error Co error Cr error Cs error Eu error Fe% error Gd error 
Ziegler Reservoir                               
ZR43C-A-2-205-206 U of WI 55.53 1.7 6.97 3.2 41.45 3.9 3.52 6.1 1.10 8.3 2.69 2.2     
ZR43C-A-3-224-225 U of WI 58.03 1.7 7.31 3.3 39.57 4.0 5.01 6.0 1.09 8.0 3.03 2.2     
ZR43C-A-3-239-240 USGS 57.00 0.9 5.54 1.5 46.20 1.5 5.23 2.2 0.81 2.7 3.94 0.7 3.97 13.7 
ZR43C-A-3-269-278 USGS 70.00 0.7 5.22 1.3 42.60 1.3 3.16 2.0 1.10 2.0 1.37 0.7 6.19 13.8 
ZR43C-A-3-299-300 USGS 78.20 0.8 7.61 1.2 49.80 1.2 5.00 1.8 1.29 1.9 1.88 0.7 5.97 9.7 
Moraine                               
CO-ZR-09 USGS 65.80 0.7 4.79 1.3 61.00 1.1 2.95 2.3 1.09 2.0 2.02 0.7 6.30 18.7 
CO-ZR-10* USGS 65.80 0.7 5.60 1.2 56.30 1.1 3.44 2.0 1.30 1.9 2.19 0.7 7.13 11.6 
CO-ZR-10* U of WI 64.42 1.5 6.30 3.4 59.21 3.5 3.06 6.1 1.38 8.5 2.32 2.2     
Dust Trap                               
JH1012-20-T1 U of WI 49.53 2.2 14.99 3.1 143.60 3.6 5.44 6.7 1.85 12.2 2.61 2.3     
Dust on Snow                               
DOS-3 U of WI 37.62 1.9 6.29 3.1 34.98 3.9 3.51 5.7 0.85 9.2 1.56 2.2     
Mancos                               
JH1012-20-2 U of WI 68.82 1.7 16.56 2.9 87.20 3.7 7.97 4.8 1.57 11.8 2.93 2.2     
JH1012-20-3 U of WI 59.46 1.8 8.87 3.2 79.14 3.7 7.21 5.3 1.26 12.1 3.22 2.2     
Snowmass Creek valley                               
JH1012-20-4 U of WI 56.64 1.8 6.04 4.1 62.33 4.0 4.02 6.4 1.78 11.2 2.07 2.2     
JH0812-28-1 U of WI 63.69 1.7 10.68 3.0 50.62 4.0 4.82 5.5 1.80 11.0 2.64 2.2     
JH0812-28-2 U of WI 96.25 1.5 10.44 3.0 73.09 3.4 6.79 4.9 1.46 8.6 3.52 2.2     
JH0812-28-3 USGS 110.00 0.7 9.77 1.1 65.60 1.2 5.79 1.8 2.12 1.9 3.81 0.7 10.10 8.9 
JH0812-28-4 U of WI 56.10 1.8 8.14 3.2 55.14 3.5 4.84 5.1 1.13 9.0 2.35 2.2     
JH0812-28-5 USGS 66.60 0.7 8.41 1.1 47.60 1.2 4.69 1.9 1.19 1.9 2.57 0.6 6.45 20.7 
JH0812-28-6* USGS 92.90 0.7 6.45 1.2 28.90 1.5 2.42 2.5 1.68 1.8 2.91 0.7 7.71 8.1 
JH0812-28-6* U of WI 91.88 1.5 6.78 3.5 37.94 4.2 2.56 8.1 1.93 8.1 3.04 2.2     
JH0812-28-7 USGS 80.50 0.7 7.87 1.5 51.00 1.3 4.07 2.3 1.25 2.2 2.49 0.7 6.96 21.9 









Appendix D (continued) 
  (Ce-Gd) 
Sample Lab Ce error Co error Cr error Cs error Eu error Fe% error Gd error 
Roaring Fork valley                               
JH0812-27-1 USGS 86.50 0.7 11.80 1.0 46.80 1.3 3.06 2.3 1.43 1.9 3.92 0.6 7.87 17.8 
JH0812-27-2 USGS 108.00 0.8 14.70 1.1 67.30 1.3 9.59 1.7 1.55 2.0 4.31 0.7 8.78 9.7 
JH0812-27-3* USGS 100.00 0.7 15.80 1.0 67.30 1.1 7.58 1.8 1.44 2.0 4.11 0.6 8.18 18.6 
JH0812-27-3* U of WI 103.10 1.6 16.24 2.9 70.82 4.0 6.99 5.3 1.83 11.4 4.08 2.2     
JH0812-27-4 U of WI 121.00 1.5 10.63 3.4 72.87 4.0 7.23 5.3 2.33 10.8 3.45 2.2     
JH0812-27-5 U of WI 87.08 1.6 7.32 3.6 54.52 4.2 4.95 5.6 1.92 11.0 2.58 2.2     
JH0812-27-6 USGS 102.00 0.7 14.80 1.1 64.50 1.2 4.40 2.1 1.46 2.1 3.50 0.7 7.33 9.2 
JH0812-27-7 USGS 102.00 0.7 14.40 1.0 70.00 1.1 8.36 1.7 1.43 2.1 4.23 0.6 8.14 19.6 
JH0812-29-1 USGS 88.00 0.8 16.70 1.1 69.50 1.2 1.24 4.7 1.67 1.9 3.82 0.7 8.62 8.5 
JH0812-29-2 U of WI 88.15 1.5 12.11 2.9 59.17 3.5 5.52 5.3 1.47 8.7 3.11 2.2     
JH0812-29-3 USGS 93.70 0.7 6.35 1.2 47.00 1.2 3.47 2.0 1.18 1.9 2.23 0.7 7.70 15.7 
JH0812-29-4 USGS 87.10 0.8 17.30 1.0 90.40 1.1 7.24 1.9 1.52 2.0 4.26 0.7 9.08 8.5 
JH0812-29-5* USGS 102.00 0.7 16.00 1.0 59.10 1.2 8.00 1.7 1.37 2.0 3.52 0.6 8.90 17.0 
JH0812-29-5* U of WI 97.82 1.5 16.54 2.7 64.77 3.6 7.03 4.8 1.44 8.6 3.41 2.2     
JH0812-29-6 USGS 103.00 0.7 11.90 1.1 55.90 1.2 8.03 1.6 1.47 1.9 3.27 0.7 7.50 8.5 
JH0812-29-7 U of WI 103.20 1.5 25.33 2.4 52.99 3.6 5.93 5.3 1.49 8.7 5.48 2.2     
Roaring Fork- Carbondale                               
JH0812-29-8 USGS 94.40 0.7 13.10 1.0 47.80 1.3 5.88 1.8 1.41 1.9 3.11 0.6 8.80 11.0 
JH0812-29-9 U of WI 99.07 1.4 11.44 2.9 44.72 4.0 5.11 5.3 0.76 12.5 3.16 2.2     
JH0812-29-10 USGS 52.70 0.8 5.39 1.3 37.80 1.3 4.99 1.7 1.00 2.0 1.88 0.7 4.92 10.7 
JH0812-29-11 U of WI 49.32 1.7 6.35 3.6 49.46 3.7 5.32 5.4 1.26 9.7 2.05 2.2     
JH0812-29-12 U of WI 71.94 1.6 7.68 3.4 59.11 3.4 5.20 5.4 1.56 9.6 2.50 2.2     
JH0812-29-13 U of WI 81.01 1.5 10.13 3.2 50.27 3.8 6.02 5.7 1.67 9.0 2.69 2.2     
JH0812-29-14A U of WI 82.39 1.5 10.02 3.1 45.35 3.9 3.45 7.1 1.64 9.0 2.95 2.2     
JH0812-29-14B U of WI 85.46 1.4 10.41 2.9 52.13 3.6 4.65 5.9 1.21 9.4 3.25 2.2     
JH0812-29-14C U of WI 99.59 1.4 9.50 3.3 47.57 4.0 7.06 5.0 1.81 9.5 2.86 2.2     
JH0812-29-15 U of WI 87.46 1.4 10.83 3.1 58.69 3.6 6.89 5.5 1.70 9.1 3.14 2.2     
JH0812-29-16 U of WI 153.40 1.3 9.38 3.3 68.20 3.7 5.02 6.0 2.07 8.8 3.50 2.2     
JH0812-29-17 U of WI 84.68 1.4 11.38 2.8 51.49 3.9 6.22 4.6 1.44 8.7 3.14 2.2     









Appendix D (continued) 
  (Hf-La) 
Sample Lab Hf error Hg error Ho error In error Ir error K% error La error 
Ziegler Reservoir                               
ZR-B19 U of WI 10.08 2.6 2.55 22.8 ND 0.0 ND 0.0 ND 0.0 ND 0.0 42.61 1.5 
ZR-B18* USGS 8.80 1.0     1.19 14.0         1.71 13.6 37.50 0.6 
ZR-B18* U of WI 8.77 2.9 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 42.92 1.5 
ZR-B17 USGS 8.93 1.1     1.15 11.4         2.01 14.7 34.70 0.6 
ZR-B16 USGS 10.10 1.1     1.33 18.8         1.70 16.6 37.30 0.7 
ZR-B15 USGS 6.45 1.1     0.95 15.7         1.94 12.7 28.70 0.7 
ZR-B14 USGS 8.62 1.0     1.02 17.0         1.79 10.6 30.90 0.7 
ZR-B14 (dup) USGS 9.49 1.1     1.10 20.1         1.56 21.0 32.10 0.8 
ZR-B13 U of WI 6.44 3.6 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 36.18 1.5 
ZR-B12 USGS 6.55 1.1     0.94 17.9         1.46 14.0 29.70 0.7 
ZR-B11 USGS 5.03 1.2     0.91 15.7         1.21 14.5 28.80 0.7 
ZR-B10 USGS 6.39 1.2     0.85 13.3         1.71 12.9 27.10 0.6 
ZR-B9 USGS 6.82 1.1     1.02 17.8         1.87 11.5 31.80 0.7 
ZR-B8 U of WI 8.00 2.8 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 33.29 1.6 
ZR-B7 U of WI 9.08 2.7 2.65 20.3 ND 0.0 ND 0.0 ND 0.0 ND 0.0 36.20 1.6 
ZR-B6 USGS 4.59 1.2     1.01 16.3         1.19 14.6 27.30 0.7 
ZR-B6 (dup) USGS 4.88 1.3     1.01 19.0         1.21 18.4 27.70 0.8 
ZR-B5 USGS 13.40 1.0     1.04 19.7         1.60 13.1 29.30 0.7 
ZR-B4* USGS 9.66 1.0     1.04 13.9         1.80 11.5 30.20 0.7 
ZR-B4* U of WI 11.62 2.5 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 35.63 1.6 
ZR-B3 USGS 11.90 0.9     0.94 12.5         1.59 12.6 28.20 0.6 
ZR-B2 USGS 7.93 1.1     0.89 17.8         1.47 11.7 27.40 0.7 
ZR-B1 U of WI 5.98 3.5 7.59 19.9 ND 0.0 ND 0.0 ND 0.0 ND 0.0 38.00 1.5 
ZR43C-A-1-14-15 USGS 7.22 1.1     0.91 14.8         1.73 9.2 27.10 0.6 
ZR43C-A-1-53-54 U of WI 11.12 2.6 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 30.77 1.7 
ZR43C-A-1-77-78 USGS 9.42 1.0     0.90 12.9         1.30 10.9 25.30 0.7 
ZR43C-A-1-101-102 USGS 15.30 1.0     1.02 11.9         1.73 12.2 25.90 0.6 
ZR43C-A-2-151-152* USGS 9.95 1.0     0.99 17.1         1.47 12.4 27.20 0.7 
ZR43C-A-2-151-152* U of WI 15.94 2.4 2.22 25.4 ND 0.0 ND 0.0 ND 0.0 ND 0.0 32.35 1.7 










Appendix D (continued) 
  (Hf-La) 
Sample Lab Hf error Hg error Ho error In error Ir error K% error La error 
Ziegler Reservoir                               
ZR43C-A-2-205-206 U of WI 8.12 2.8 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 32.29 1.7 
ZR43C-A-3-224-225 U of WI 5.81 3.1 3.33 17.4 ND 0.0 ND 0.0 ND 0.0 ND 0.0 34.20 1.8 
ZR43C-A-3-239-240 USGS 7.28 1.2     0.84 19.8         2.24 10.4 28.40 0.7 
ZR43C-A-3-269-278 USGS 11.10 1.0     1.12 9.4         1.87 10.9 34.70 0.6 
ZR43C-A-3-299-300 USGS 7.78 1.0     1.10 14.4         1.89 11.3 38.30 0.6 
Moraine                               
CO-ZR-09 USGS 22.80 0.8     1.30 10.4         1.47 11.4 32.20 0.6 
CO-ZR-10* USGS 15.20 0.9     1.31 8.4         2.32 10.5 34.30 0.6 
CO-ZR-10* U of WI 16.75 2.8 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 39.24 1.4 
Dust Trap                               
JH1012-20-T1 U of WI 4.97 5.6 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 32.43 1.2 
Dust on Snow                               
DOS-3 U of WI 8.41 3.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 23.11 1.8 
Mancos                               
JH1012-20-2 U of WI 4.83 4.4 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 38.59 0.9 
JH1012-20-3 U of WI 4.87 4.4 3.43 16.3 ND 0.0 ND 0.0 ND 0.0 ND 0.0 32.36 1.0 
Snowmass Creek valley                               
JH1012-20-4 U of WI 16.53 2.9 5.36 14.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 34.73 1.0 
JH0812-28-1 U of WI 4.45 4.4 4.23 15.3 ND 0.0 ND 0.0 ND 0.0 ND 0.0 34.52 1.0 
JH0812-28-2 U of WI 9.55 3.3 6.57 13.2 ND 0.0 ND 0.0 ND 0.0 ND 0.0 51.56 0.9 
JH0812-28-3 USGS 11.70 1.0     1.60 10.8         1.89 8.4 54.00 0.6 
JH0812-28-4 U of WI 6.28 3.4 4.23 13.4 18.95 50.3 ND 0.0 ND 0.0 ND 0.0 32.71 1.0 
JH0812-28-5 USGS 8.79 1.0     1.04 9.8         1.87 8.5 33.30 0.5 
JH0812-28-6* USGS 15.60 0.9     1.28 12.1         2.12 9.2 46.00 0.6 
JH0812-28-6* U of WI 16.21 2.7 3.81 15.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 53.18 0.9 
JH0812-28-7 USGS 18.70 0.9     1.42 9.0         2.21 6.9 38.70 0.6 









Appendix D (continued) 
  (Hf-La) 
Sample Lab Hf error Hg error Ho error In error Ir error K% error La error 
Roaring Fork valley                               
JH0812-27-1 USGS 13.60 0.9     1.38 6.1         1.55 8.1 43.10 0.5 
JH0812-27-2 USGS 8.65 1.1     1.48 11.1         2.11 8.4 50.50 0.6 
JH0812-27-3* USGS 11.50 1.0     1.39 8.6         2.13 8.0 47.30 0.5 
JH0812-27-3* U of WI 11.74 3.4 6.39 14.4 ND 0.0 ND 0.0 ND 0.0 ND 0.0 54.10 0.9 
JH0812-27-4 U of WI 15.00 3.0 6.23 14.9 ND 0.0 ND 0.0 ND 0.0 ND 0.0 68.48 0.8 
JH0812-27-5 U of WI 10.94 3.2 4.22 14.6 ND 0.0 ND 0.0 ND 0.0 ND 0.0 46.73 0.9 
JH0812-27-6 USGS 7.94 1.1     1.36 12.8         1.39 10.6 48.30 0.6 
JH0812-27-7 USGS 9.42 1.2     1.28 8.8         2.11 7.4 48.30 0.5 
JH0812-29-1 USGS 8.09 1.1     1.81 9.8         0.42 21.7 40.00 0.6 
JH0812-29-2 U of WI 6.30 3.8 3.54 18.1 ND 0.0 ND 0.0 ND 0.0 ND 0.0 50.33 0.9 
JH0812-29-3 USGS 17.00 0.8     1.32 9.6         1.94 7.3 46.10 0.5 
JH0812-29-4 USGS 6.96 1.2     1.48 12.5         1.89 8.6 44.10 0.6 
JH0812-29-5* USGS 6.68 1.3     1.34 9.4         1.97 10.2 48.20 0.5 
JH0812-29-5* U of WI 6.92 3.5 3.76 17.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 52.40 0.9 
JH0812-29-6 USGS 7.68 1.1     1.27 12.9         2.23 6.7 48.40 0.6 
JH0812-29-7 U of WI 8.42 3.3 4.39 15.4 ND 0.0 ND 0.0 ND 0.0 ND 0.0 56.06 0.9 
Roaring Fork- Carbondale                               
JH0812-29-8 USGS 12.50 0.9     1.31 8.8         2.08 9.6 45.90 0.5 
JH0812-29-9 U of WI 10.75 3.1 4.63 14.1 ND 0.0 ND 0.0 ND 0.0 ND 0.0 59.16 0.9 
JH0812-29-10 USGS 6.43 1.1     0.88 14.9         1.10 10.4 27.60 0.6 
JH0812-29-11 U of WI 4.35 4.6 4.41 16.3 ND 0.0 ND 0.0 ND 0.0 ND 0.0 31.79 1.2 
JH0812-29-12 U of WI 14.71 3.1 5.03 16.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 40.79 1.1 
JH0812-29-13 U of WI 10.10 3.4 3.53 17.6 ND 0.0 ND 0.0 ND 0.0 ND 0.0 45.79 1.1 
JH0812-29-14A U of WI 10.59 3.3 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 43.45 1.1 
JH0812-29-14B U of WI 13.64 3.1 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 46.66 1.1 
JH0812-29-14C U of WI 12.84 3.3 4.32 16.8 ND 0.0 ND 0.0 ND 0.0 ND 0.0 55.39 1.0 
JH0812-29-15 U of WI 13.20 3.2 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 48.66 1.1 
JH0812-29-16 U of WI 25.24 3.0 5.08 16.1 ND 0.0 ND 0.0 ND 0.0 ND 0.0 85.35 1.0 
JH0812-29-17 U of WI 9.06 3.3 ND 0.0 ND 0.0 ND 0.0 ND 0.0 ND 0.0 45.69 1.3 









Appendix D (continued) 
  (Lu-Rb) 
Sample Lab Lu error Mo error Na% error Nd error Ni error Pr error Rb error 
Ziegler Reservoir                               
ZR-B19 U of WI 1.26 21.5 ND 0.0 ND 0.0 31.90 19.7 ND 0.0 ND 0.0 93.34 5.1 
ZR-B18* USGS 0.46 1.3     0.86 1.3 35.20 2.1 17.60 12.6     97.90 1.7 
ZR-B18* U of WI 1.14 21.6 ND 0.0 ND 0.0 36.89 21.2 ND 0.0 ND 0.0 115.40 4.9 
ZR-B17 USGS 0.46 1.1     0.99 1.1 33.00 1.9 13.60 12.8     102.00 1.5 
ZR-B16 USGS 0.53 1.5     1.05 1.3 36.50 2.5 9.92 21.0     117.00 1.7 
ZR-B15 USGS 0.37 1.4     0.72 1.2 26.40 2.5 13.60 12.4     74.70 1.8 
ZR-B14 USGS 0.42 1.3     0.87 1.2 28.80 2.2 15.80 12.3     73.20 1.8 
ZR-B14 (dup) USGS 0.46 1.6     0.91 1.5 34.10 2.7 15.50 15.0     75.80 2.2 
ZR-B13 U of WI 0.93 21.6 ND 0.0 ND 0.0 36.38 32.1 ND 0.0 ND 0.0 77.25 5.5 
ZR-B12 USGS 0.38 1.4     0.77 1.3 27.20 2.8 19.30 12.7     75.00 2.0 
ZR-B11 USGS 0.36 1.3     0.67 1.2 27.40 2.3 12.10 11.1     67.70 2.0 
ZR-B10 USGS 0.37 1.3     0.85 1.1 25.10 2.1 17.90 12.0     67.20 1.7 
ZR-B9 USGS 0.42 1.4     0.92 1.2 30.90 2.4 17.50 12.7     75.80 1.8 
ZR-B8 U of WI 1.04 21.6 ND 0.0 0.60 38.2 27.39 21.7 ND 0.0 ND 0.0 87.91 5.2 
ZR-B7 U of WI 1.01 21.6 ND 0.0 0.54 39.7 28.69 22.2 ND 0.0 ND 0.0 95.23 5.0 
ZR-B6 USGS 0.37 1.5     0.59 1.2 25.50 2.4 16.90 19.5     54.60 2.1 
ZR-B6 (dup) USGS 0.38 1.6     0.59 1.6 28.10 2.9 9.13 15.8     57.90 2.5 
ZR-B5 USGS 0.47 1.4     1.08 1.2 29.30 2.9 12.70 20.9     74.30 2.1 
ZR-B4* USGS 0.43 1.3     1.15 1.0 28.60 2.4 17.10 14.4     76.10 1.8 
ZR-B4* U of WI 1.26 21.5 ND 0.0 0.74 36.3 13.29 29.6 ND 0.0 ND 0.0 79.36 5.3 
ZR-B3 USGS 0.44 1.2     1.17 1.0 28.50 2.2 16.60 14.0     65.80 1.9 
ZR-B2 USGS 0.37 1.5     0.99 1.1 26.20 2.3 14.00 17.8     67.30 2.0 
ZR-B1 U of WI 1.14 21.5 ND 0.0 0.78 33.0 42.76 30.9 ND 0.0 ND 0.0 77.90 5.4 
ZR43C-A-1-14-15 USGS 0.38 1.3     1.07 1.0 24.70 2.3 14.90 12.9     67.50 2.0 
ZR43C-A-1-53-54 U of WI 1.10 21.6 ND 0.0 ND 0.0 28.72 21.4 ND 0.0 ND 0.0 74.73 5.6 
ZR43C-A-1-77-78 USGS 0.38 1.6     1.10 1.1 25.30 2.8 13.80 13.9     58.50 2.3 
ZR43C-A-1-101-102 USGS 0.45 1.4     1.33 1.0 25.70 2.6 12.30 16.3     51.40 2.5 
ZR43C-A-2-151-152* USGS 0.41 1.5     1.05 1.1 27.00 2.7 16.50 13.4     63.20 2.3 
ZR43C-A-2-151-152* U of WI 1.20 21.5 ND 0.0 ND 0.0 23.64 21.7 ND 0.0 ND 0.0 60.46 6.2 










Appendix D (continued) 
  (Lu-Rb) 
Sample Lab Lu error Mo error Na% error Nd error Ni error Pr error Rb error 
Ziegler Reservoir                               
ZR43C-A-2-205-206 U of WI 0.97 21.6 ND 0.0 0.68 39.3 31.41 21.2 ND 0.0 ND 0.0 70.11 5.7 
ZR43C-A-3-224-225 U of WI 0.97 21.6 ND 0.0 ND 0.0 39.09 23.7 ND 0.0 ND 0.0 73.67 5.7 
ZR43C-A-3-239-240 USGS 0.37 1.7     1.08 1.1 24.00 3.0 20.20 18.7     93.50 2.1 
ZR43C-A-3-269-278 USGS 0.48 1.2     1.37 1.0 32.50 2.0 10.10 18.8     72.00 1.8 
ZR43C-A-3-299-300 USGS 0.43 1.4     1.19 1.0 36.30 2.0 15.80 14.9     93.50 1.6 
Moraine                               
CO-ZR-09 USGS 0.60 1.1     1.38 1.0 30.90 2.1 16.40 11.0     58.80 2.1 
CO-ZR-10* USGS 0.59 1.1     1.45 1.0 33.40 2.0 16.10 15.5     68.30 1.8 
CO-ZR-10* U of WI 1.46 21.5 ND 0.0 1.03 25.2 44.65 30.8 ND 0.0 ND 0.0 68.19 5.4 
Dust Trap                               
JH1012-20-T1 U of WI 0.81 21.9 ND 0.0 0.83 8.4 33.83 39.5 67.74 40.4 ND 0.0 89.28 6.3 
Dust on Snow                               
DOS-3 U of WI 0.76 21.7 ND 0.0 ND 0.0 31.95 31.4 ND 0.0 ND 0.0 53.83 5.6 
Mancos                               
JH1012-20-2 U of WI 1.02 21.6 ND 0.0 0.82 6.9 63.78 30.1 ND 0.0 ND 0.0 113.60 4.4 
JH1012-20-3 U of WI 0.86 21.6 ND 0.0 1.06 6.8 42.88 31.6 ND 0.0 ND 0.0 100.50 4.7 
Snowmass Creek valley                               
JH1012-20-4 U of WI 1.33 21.5 ND 0.0 1.03 7.1 45.98 31.8 ND 0.0 ND 0.0 67.10 5.9 
JH0812-28-1 U of WI 0.88 21.6 ND 0.0 0.62 8.8 48.20 30.7 ND 0.0 ND 0.0 80.29 5.3 
JH0812-28-2 U of WI 1.38 21.5 ND 0.0 0.90 8.9 73.66 27.2 ND 0.0 ND 0.0 109.30 5.0 
JH0812-28-3 USGS 0.58 1.4     1.08 1.0 60.00 1.6 22.90 11.8     88.50 1.8 
JH0812-28-4 U of WI 0.96 21.7 ND 0.0 0.34 12.8 48.74 28.8 ND 0.0 ND 0.0 75.26 5.4 
JH0812-28-5 USGS 0.43 1.2     0.95 0.9 32.70 2.1 13.50 11.5     75.80 1.8 
JH0812-28-6* USGS 0.51 1.3     1.71 0.9 48.30 1.8 19.90 14.8     65.10 2.0 
JH0812-28-6* U of WI 1.28 21.5 ND 0.0 1.44 7.2 81.96 25.6 ND 0.0 ND 0.0 68.94 5.8 
JH0812-28-7 USGS 0.60 1.1     0.97 1.0 39.50 2.1 20.10 12.4     82.70 2.3 









Appendix D (continued) 
  (Lu-Rb) 
Sample Lab Lu error Mo error Na% error Nd error Ni error Pr error Rb error 
Roaring Fork valley                               
JH0812-27-1 USGS 0.57 1.1     1.67 0.9 42.30 1.8 19.60 11.9     56.00 2.3 
JH0812-27-2 USGS 0.53 1.4     1.19 1.0 47.60 2.0 27.80 10.4     118.00 1.7 
JH0812-27-3* USGS 0.56 1.2     1.36 0.9 47.40 1.7 34.80 8.2     99.30 2.0 
JH0812-27-3* U of WI 1.40 21.5 ND 0.0 1.47 6.7 83.42 29.4 ND 0.0 ND 0.0 88.87 5.4 
JH0812-27-4 U of WI 1.53 21.5 ND 0.0 1.28 7.7 109.70 27.9 ND 0.0 ND 0.0 124.10 4.5 
JH0812-27-5 U of WI 1.11 21.5 ND 0.0 1.01 7.2 88.64 28.3 ND 0.0 ND 0.0 91.41 5.1 
JH0812-27-6 USGS 0.54 1.4     1.32 0.9 46.70 1.9 35.90 10.8     68.00 2.2 
JH0812-27-7 USGS 0.52 1.2     1.13 0.9 47.50 1.9 25.50 9.0     109.00 1.7 
JH0812-29-1 USGS 0.60 1.3     1.21 1.0 46.10 1.9 33.30 13.7     13.20 6.7 
JH0812-29-2 U of WI 1.00 21.6 ND 0.0 0.63 10.5 66.04 27.1 ND 0.0 ND 0.0 97.16 5.1 
JH0812-29-3 USGS 0.57 1.1     1.36 0.9 44.90 1.6 15.10 10.5     85.60 1.7 
JH0812-29-4 USGS 0.61 1.4     0.84 1.0 44.60 2.2 39.60 10.7     99.00 1.9 
JH0812-29-5* USGS 0.46 1.4     1.03 1.0 49.10 1.8 23.00 9.1     115.00 1.6 
JH0812-29-5* U of WI 1.07 21.6 ND 0.0 0.66 10.7 56.93 28.0 ND 0.0 ND 0.0 114.10 4.9 
JH0812-29-6 USGS 0.45 1.4     1.31 1.0 48.60 1.8 27.70 11.7     122.00 1.6 
JH0812-29-7 U of WI 1.02 21.6 ND 0.0 0.57 12.5 79.40 26.4 ND 0.0 ND 0.0 93.71 5.6 
Roaring Fork- Carbondale                               
JH0812-29-8 USGS 0.56 1.1     0.75 1.0 42.30 1.8 22.80 8.2     102.00 1.7 
JH0812-29-9 U of WI 1.45 21.5 ND 0.0 0.68 12.1 81.82 26.6 ND 0.0 ND 0.0 120.00 4.6 
JH0812-29-10 USGS 0.35 1.5     0.60 1.1 26.80 2.3 20.00 16.8     60.40 2.0 
JH0812-29-11 U of WI 0.81 21.7 ND 0.0 0.36 22.7 50.69 38.0 ND 0.0 ND 0.0 59.09 5.4 
JH0812-29-12 U of WI 1.29 21.5 ND 0.0 0.45 21.3 76.61 37.5 ND 0.0 ND 0.0 76.90 5.6 
JH0812-29-13 U of WI 1.36 21.5 ND 0.0 0.69 20.3 110.20 36.0 ND 0.0 ND 0.0 73.14 5.4 
JH0812-29-14A U of WI 1.19 21.5 ND 0.0 1.03 17.2 79.33 36.5 ND 0.0 ND 0.0 69.87 5.8 
JH0812-29-14B U of WI 1.34 21.5 ND 0.0 0.61 18.2 53.56 38.2 ND 0.0 ND 0.0 67.52 5.7 
JH0812-29-14C U of WI 1.35 21.5 ND 0.0 1.00 15.0 111.70 35.9 ND 0.0 ND 0.0 89.83 5.0 
JH0812-29-15 U of WI 1.26 21.5 ND 0.0 1.50 14.3 116.80 36.2 ND 0.0 ND 0.0 89.82 5.0 
JH0812-29-16 U of WI 1.76 21.5 ND 0.0 1.74 14.7 167.70 35.2 ND 0.0 ND 0.0 85.27 5.3 
JH0812-29-17 U of WI 1.11 21.6 ND 0.0 ND 0.0 37.96 31.5 ND 0.0 ND 0.0 88.72 5.6 









Appendix D (continued) 
  (Re-Sn) 
Sample Lab Re error Ru error Sb error Sc error Se error Sm error Sn error 
Ziegler Reservoir                               
ZR-B19 U of WI ND 0.0 15.19 23.4 0.52 22.5 6.86 0.4 ND 0.0 6.62 3.5 ND 0.0 
ZR-B18* USGS         0.82 2.6 8.99 0.8     6.93 0.6     
ZR-B18* U of WI ND 0.0 12.50 23.5 0.95 18.0 8.86 0.4 ND 0.0 6.72 3.5 ND 0.0 
ZR-B17 USGS         0.57 2.7 7.14 0.7     6.44 0.6     
ZR-B16 USGS         0.92 3.2 8.02 0.8     7.27 0.7     
ZR-B15 USGS         0.78 2.6 6.66 0.8     5.36 0.7     
ZR-B14 USGS         0.79 2.6 6.63 0.8     5.79 0.6     
ZR-B14 (dup) USGS         0.86 3.4 7.00 0.9     6.51 0.7     
ZR-B13 U of WI ND 0.0 14.08 23.5 ND 0.0 7.74 0.4 ND 0.0 6.02 3.5 ND 0.0 
ZR-B12 USGS         0.66 3.0 7.32 0.8     5.41 0.7     
ZR-B11 USGS         0.68 2.9 7.04 0.8     5.60 0.7     
ZR-B10 USGS         0.55 2.3 6.23 0.7     4.74 0.6     
ZR-B9 USGS         0.77 2.7 7.36 0.8     6.27 0.7     
ZR-B8 U of WI ND 0.0 12.45 23.5 0.33 31.0 7.25 0.4 ND 0.0 5.41 3.6 ND 0.0 
ZR-B7 U of WI ND 0.0 13.83 23.5 0.28 32.9 7.96 0.4 ND 0.0 5.73 3.6 ND 0.0 
ZR-B6 USGS         0.77 2.5 6.22 0.8     5.61 0.7     
ZR-B6 (dup) USGS         0.79 3.2 6.37 0.9     6.08 0.7     
ZR-B5 USGS         0.56 3.3 6.98 0.8     5.80 0.7     
ZR-B4* USGS         0.58 3.2 7.35 0.8     5.67 0.6     
ZR-B4* U of WI ND 0.0 11.25 23.6 ND 0.0 7.33 0.4 ND 0.0 5.77 3.6 ND 0.0 
ZR-B3 USGS         0.75 2.2 6.02 0.7     5.39 0.6     
ZR-B2 USGS         0.75 2.9 6.41 0.8     5.30 0.7     
ZR-B1 U of WI ND 0.0 18.49 23.3 1.54 13.5 8.06 0.4 ND 0.0 7.06 3.4 ND 0.0 
ZR43C-A-1-14-15 USGS         0.72 2.4 6.61 0.8     4.98 0.6     
ZR43C-A-1-53-54 U of WI ND 0.0 12.49 23.5 ND 0.0 6.26 0.4 ND 0.0 5.31 3.6 ND 0.0 
ZR43C-A-1-77-78 USGS         0.69 3.4 5.46 0.9     4.99 0.7     
ZR43C-A-1-101-102 USGS         0.44 3.6 4.32 0.8     4.99 0.6     
ZR43C-A-2-151-152* USGS         0.76 3.0 6.09 0.8     5.46 0.7     
ZR43C-A-2-151-152* U of WI ND 0.0 10.42 23.4 ND 0.0 5.66 0.4 ND 0.0 5.48 3.6 ND 0.0 










Appendix D (continued) 
  (Re-Sn) 
Sample Lab Re error Ru error Sb error Sc error Se error Sm error Sn error 
Ziegler Reservoir                               
ZR43C-A-2-205-206 U of WI ND 0.0 14.19 23.4 0.65 23.2 6.53 0.4 ND 0.0 5.56 3.7 ND 0.0 
ZR43C-A-3-224-225 U of WI ND 0.0 14.13 23.4 0.58 21.3 7.21 0.4 ND 0.0 5.99 3.7 ND 0.0 
ZR43C-A-3-239-240 USGS         2.50 1.7 7.71 0.8     4.44 0.7     
ZR43C-A-3-269-278 USGS         0.76 2.4 6.28 0.7     6.04 0.6     
ZR43C-A-3-299-300 USGS         0.61 3.3 8.67 0.8     7.17 0.6     
Moraine                               
CO-ZR-09 USGS         0.78 2.3 6.26 0.7     6.02 0.6     
CO-ZR-10* USGS         0.66 2.5 7.97 0.7     6.70 0.6     
CO-ZR-10* U of WI ND 0.0 10.72 23.5 ND 0.0 8.12 0.4 ND 0.0 6.77 3.4 ND 0.0 
Dust Trap                               
JH1012-20-T1 U of WI ND 0.0 13.08 23.9 1.68 16.1 8.33 0.5 ND 0.0 5.10 3.0 125.70 35.3 
Dust on Snow                               
DOS-3 U of WI ND 0.0 6.31 23.8 0.56 21.1 5.18 0.5 ND 0.0 3.40 3.8 ND 0.0 
Mancos                               
JH1012-20-2 U of WI ND 0.0 9.23 23.9 0.34 35.9 9.54 0.4 ND 0.0 5.84 2.9 ND 0.0 
JH1012-20-3 U of WI ND 0.0 9.63 23.7 ND 0.0 10.62 0.4 ND 0.0 4.71 2.9 ND 0.0 
Snowmass Creek valley                               
JH1012-20-4 U of WI ND 0.0 10.30 23.7 1.24 15.6 6.90 0.4 ND 0.0 6.29 2.9 ND 0.0 
JH0812-28-1 U of WI ND 0.0 11.05 23.6 0.87 16.5 8.82 0.4 ND 0.0 6.04 2.9 ND 0.0 
JH0812-28-2 U of WI ND 0.0 12.02 23.7 1.38 16.6 11.47 0.4 ND 0.0 9.04 3.0 ND 0.0 
JH0812-28-3 USGS         1.16 2.3 13.10 0.8     11.70 0.6     
JH0812-28-4 U of WI ND 0.0 8.32 23.8 1.14 15.4 8.36 0.4 ND 0.0 5.68 3.0 ND 0.0 
JH0812-28-5 USGS         1.29 1.6 8.14 0.7     6.47 0.6     
JH0812-28-6* USGS         0.37 4.4 7.58 0.8     8.89 0.6     
JH0812-28-6* U of WI ND 0.0 14.64 23.6 0.61 24.3 7.59 0.4 ND 0.0 9.34 3.0 ND 0.0 
JH0812-28-7 USGS         0.61 2.4 8.34 0.7     7.70 0.6     









Appendix D (continued) 
  (Re-Sn) 
Sample Lab Re error Ru error Sb error Sc error Se error Sm error Sn error 
Roaring Fork valley                               
JH0812-27-1 USGS         0.67 2.7 9.54 0.7     8.31 0.5     
JH0812-27-2 USGS         0.79 3.1 16.40 0.8     9.06 0.6     
JH0812-27-3* USGS         0.81 2.3 13.40 0.7     8.93 0.5     
JH0812-27-3* U of WI ND 0.0 15.10 23.6 0.36 34.8 12.99 0.4 ND 0.0 9.11 2.9 ND 0.0 
JH0812-27-4 U of WI ND 0.0 14.56 23.6 0.38 36.7 12.17 0.4 ND 0.0 11.03 2.9 ND 0.0 
JH0812-27-5 U of WI ND 0.0 10.56 23.7 0.55 25.1 8.26 0.4 ND 0.0 7.70 2.9 ND 0.0 
JH0812-27-6 USGS         0.49 3.8 13.40 0.8     8.59 0.6     
JH0812-27-7 USGS         0.74 2.7 15.10 0.7     8.89 0.6     
JH0812-29-1 USGS         0.43 4.4 17.90 0.8     9.82 0.6     
JH0812-29-2 U of WI ND 0.0 11.92 23.7 0.41 30.0 11.48 0.4 ND 0.0 7.99 3.0 ND 0.0 
JH0812-29-3 USGS         0.83 1.9 6.48 0.7     8.18 0.5     
JH0812-29-4 USGS         0.70 3.5 17.00 0.8     8.67 0.6     
JH0812-29-5* USGS         0.62 3.0 12.50 0.7     9.14 0.5     
JH0812-29-5* U of WI ND 0.0 13.23 23.5 0.53 26.9 11.79 0.4 ND 0.0 8.41 3.0 ND 0.0 
JH0812-29-6 USGS         0.68 3.1 12.00 0.8     9.02 0.6     
JH0812-29-7 U of WI ND 0.0 13.06 23.6 0.39 30.4 10.76 0.4 ND 0.0 8.49 3.0 ND 0.0 
Roaring Fork- Carbondale                               
JH0812-29-8 USGS         1.32 1.8 10.70 0.7     8.13 0.6     
JH0812-29-9 U of WI ND 0.0 17.66 23.4 0.36 33.2 11.14 0.4 ND 0.0 8.93 3.0 ND 0.0 
JH0812-29-10 USGS         1.24 1.8 6.41 0.8     5.52 0.6     
JH0812-29-11 U of WI ND 0.0 12.49 23.5 1.63 13.4 7.13 0.4 ND 0.0 5.48 3.1 ND 0.0 
JH0812-29-12 U of WI ND 0.0 12.11 23.6 0.57 25.2 7.99 0.4 ND 0.0 6.87 3.1 ND 0.0 
JH0812-29-13 U of WI ND 0.0 13.20 23.6 0.38 34.8 10.60 0.4 ND 0.0 8.52 3.1 ND 0.0 
JH0812-29-14A U of WI ND 0.0 11.30 23.5 ND 0.0 8.63 0.4 ND 0.0 7.60 3.1 ND 0.0 
JH0812-29-14B U of WI ND 0.0 11.46 23.6 0.57 24.3 8.51 0.4 ND 0.0 7.83 3.1 ND 0.0 
JH0812-29-14C U of WI ND 0.0 13.15 23.5 0.24 40.6 8.72 0.4 ND 0.0 8.87 3.1 ND 0.0 
JH0812-29-15 U of WI ND 0.0 13.77 23.6 0.45 28.2 9.76 0.4 ND 0.0 8.09 3.1 ND 0.0 
JH0812-29-16 U of WI ND 0.0 16.63 23.5 0.38 37.7 9.97 0.4 ND 0.0 13.10 3.1 ND 0.0 
JH0812-29-17 U of WI ND 0.0 12.00 23.6 0.47 29.4 9.56 0.4 ND 0.0 7.56 3.4 ND 0.0 









Appendix D (continued) 
  (Sr-U) 
Sample Lab Sr error Ta error Tb error Te error Th error Tm error U error 
Ziegler Reservoir                               
ZR-B19 U of WI 174.30 50.5 0.98 31.3 ND 0.0 ND 0.0 11.16 1.3 ND 0.0 0.96 20.0 
ZR-B18* USGS 134.00 6.9 1.26 1.2 0.85 1.6     11.60 0.9 0.00 0.0 3.37 2.1 
ZR-B18* U of WI ND 0.0 0.75 32.2 ND 0.0 ND 0.0 11.88 1.3 ND 0.0 1.49 18.5 
ZR-B17 USGS 135.00 8.2 1.21 1.2 0.83 1.6     10.30 0.8 0.51 9.3 3.31 2.3 
ZR-B16 USGS 146.00 7.8 1.34 1.4 0.93 1.8     10.20 1.0 0.00 0.0 5.56 1.9 
ZR-B15 USGS 149.00 6.4 0.94 1.3 0.70 1.7     8.57 0.9 0.00 0.0 3.28 1.9 
ZR-B14 USGS 154.00 6.3 1.09 1.3 0.74 1.7     9.00 0.9 0.00 0.0 3.61 1.8 
ZR-B14 (dup) USGS 211.00 6.3 1.22 1.5 0.81 2.1     9.77 1.0 0.00 0.0 3.98 2.3 
ZR-B13 U of WI ND 0.0 0.73 32.0 ND 0.0 2.74 41.9 9.98 1.5 ND 0.0 1.97 20.0 
ZR-B12 USGS 259.00 4.6 1.01 1.4 0.71 1.9     8.68 0.9 0.00 0.0 3.27 2.1 
ZR-B11 USGS 268.00 4.2 0.87 1.4 0.72 1.7     8.02 0.9 0.00 0.0 2.97 2.1 
ZR-B10 USGS 124.00 7.2 0.97 1.3 0.65 1.8     7.17 0.9 0.38 11.8 2.99 2.1 
ZR-B9 USGS 181.00 6.2 1.05 1.3 0.81 1.8     8.82 0.9 0.00 0.0 3.26 2.1 
ZR-B8 U of WI 370.10 41.4 0.65 31.9 ND 0.0 ND 0.0 8.07 1.6 ND 0.0 1.05 19.9 
ZR-B7 U of WI ND 0.0 0.84 31.6 ND 0.0 2.29 43.5 8.92 1.5 ND 0.0 2.34 15.9 
ZR-B6 USGS 404.00 3.9 0.73 1.5 0.77 1.7     7.56 0.9 0.00 0.0 3.30 1.9 
ZR-B6 (dup) USGS 426.00 4.2 0.80 1.8 0.75 2.0     7.64 1.0 0.00 0.0 3.52 2.4 
ZR-B5 USGS 132.00 9.3 1.21 1.4 0.70 2.0     8.62 1.0 0.00 0.0 3.73 2.0 
ZR-B4* USGS 96.40 7.3 1.14 1.2 0.71 1.7     8.20 0.9 0.00 0.0 3.55 1.8 
ZR-B4* U of WI ND 0.0 0.65 32.6 ND 0.0 ND 0.0 8.92 1.5 ND 0.0 1.95 16.8 
ZR-B3 USGS 113.00 8.4 1.09 1.3 0.69 1.9     7.92 1.3 0.44 12.0 3.64 2.3 
ZR-B2 USGS 168.00 6.9 1.10 1.4 0.66 1.9     7.48 1.0 0.00 0.0 3.53 1.9 
ZR-B1 U of WI ND 0.0 0.64 32.1 ND 0.0 ND 0.0 8.77 1.5 ND 0.0 4.78 16.4 
ZR43C-A-1-14-15 USGS 161.00 7.2 0.96 1.5 0.68 2.2     7.59 0.9 0.41 16.3 3.43 2.2 
ZR43C-A-1-53-54 U of WI 158.40 51.1 0.73 31.9 ND 0.0 ND 0.0 8.20 1.6 ND 0.0 2.57 16.0 
ZR43C-A-1-77-78 USGS 198.00 6.5 1.02 1.5 0.63 2.0     6.98 1.0 0.00 0.0 3.31 2.1 
ZR43C-A-1-101-102 USGS 140.00 6.6 1.07 1.6 0.67 2.2     7.14 1.0 0.47 13.9 3.45 2.5 
ZR43C-A-2-151-152* USGS 173.00 6.8 0.99 1.5 0.69 2.0     7.42 1.0 0.00 0.0 3.79 2.0 
ZR43C-A-2-151-152* U of WI 244.10 41.1 0.77 31.4 ND 0.0 ND 0.0 7.91 1.6 ND 0.0 1.76 16.3 









Appendix D (continued) 
  (Sr-U) 
Sample Lab Sr error Ta error Tb error Te error Th error Tm error U error 
Ziegler Reservoir                               
ZR43C-A-2-205-206 U of WI ND 0.0 0.75 31.7 ND 0.0 ND 0.0 7.53 1.6 ND 0.0 2.48 15.7 
ZR43C-A-3-224-225 U of WI 195.10 34.5 0.61 32.3 ND 0.0 3.10 41.0 8.07 1.6 ND 0.0 5.38 21.8 
ZR43C-A-3-239-240 USGS 150.00 8.7 1.25 1.5 0.55 2.6     9.39 1.0 0.00 0.0 3.24 2.4 
ZR43C-A-3-269-278 USGS 136.00 7.6 1.31 1.2 0.78 1.7     9.86 0.8 0.47 11.4 3.90 2.2 
ZR43C-A-3-299-300 USGS 115.00 6.6 1.36 1.1 0.84 2.2     10.50 0.9 0.00 0.0 4.28 1.7 
Moraine                               
CO-ZR-09 USGS 70.30 12.9 1.32 1.2 0.81 1.7     9.14 0.8 0.59 9.3 4.00 2.1 
CO-ZR-10* USGS 70.40 9.1 1.17 1.2 0.92 1.7     9.37 0.8 0.58 11.2 3.41 2.2 
CO-ZR-10* U of WI ND 0.0 0.73 31.9 ND 0.0 ND 0.0 9.80 1.4 ND 0.0 3.05 18.7 
Dust Trap                               
JH1012-20-T1 U of WI ND 0.0 0.46 35.3 ND 0.0 ND 0.0 9.98 1.9 ND 0.0 1.09 24.0 
Dust on Snow                               
DOS-3 U of WI 49.23 46.0 0.46 32.0 ND 0.0 ND 0.0 6.87 1.6 ND 0.0 2.03 22.0 
Mancos                               
JH1012-20-2 U of WI ND 0.0 0.59 33.3 ND 0.0 ND 0.0 11.96 1.3 ND 0.0 3.37 13.6 
JH1012-20-3 U of WI ND 0.0 0.25 35.4 ND 0.0 ND 0.0 10.18 1.4 ND 0.0 3.34 13.8 
Snowmass Creek valley                               
JH1012-20-4 U of WI 70.06 38.4 0.60 32.6 ND 0.0 ND 0.0 9.78 1.4 ND 0.0 3.33 12.3 
JH0812-28-1 U of WI 56.37 44.8 0.73 32.2 ND 0.0 ND 0.0 10.84 1.3 ND 0.0 3.73 13.1 
JH0812-28-2 U of WI 313.40 44.8 0.79 32.7 ND 0.0 ND 0.0 13.96 1.2 ND 0.0 5.08 14.1 
JH0812-28-3 USGS 133.00 7.0 1.36 1.3 1.44 1.3     12.90 0.9 0.00 0.0 4.78 1.8 
JH0812-28-4 U of WI ND 0.0 0.42 33.5 ND 0.0 2.12 42.9 9.59 1.4 ND 0.0 3.78 14.3 
JH0812-28-5 USGS 222.00 5.6 1.00 1.4 0.82 1.8     11.20 0.8 0.42 12.0 4.57 1.8 
JH0812-28-6* USGS 289.00 4.3 1.11 1.3 1.02 1.5     11.90 0.8 0.00 0.0 4.28 1.8 
JH0812-28-6* U of WI 631.40 33.6 0.54 33.1 ND 0.0 ND 0.0 13.19 1.2 ND 0.0 4.72 15.3 
JH0812-28-7 USGS 97.50 11.1 1.39 1.4 0.96 1.8     11.50 0.8 0.62 11.1 5.27 1.9 










Appendix D (continued) 
  (Sr-U) 
Sample Lab Sr error Ta error Tb error Te error Th error Tm error U error 
Roaring Fork valley                               
JH0812-27-1 USGS 191.00 6.1 1.16 1.4 1.00 1.6     11.00 0.8 0.57 10.5 4.32 1.9 
JH0812-27-2 USGS 153.00 9.1 1.18 1.5 1.08 1.7     19.60 0.8 0.00 0.0 4.26 1.9 
JH0812-27-3* USGS 178.00 7.9 1.22 1.4 1.07 1.8     16.80 0.8 0.59 13.0 4.91 1.8 
JH0812-27-3* U of WI ND 0.0 0.83 32.6 ND 0.0 2.16 44.1 17.66 1.2 ND 0.0 5.15 12.4 
JH0812-27-4 U of WI ND 0.0 1.00 32.3 ND 0.0 ND 0.0 20.89 1.1 ND 0.0 4.45 13.5 
JH0812-27-5 U of WI 81.21 43.2 0.78 32.5 ND 0.0 ND 0.0 15.71 1.2 ND 0.0 3.78 12.3 
JH0812-27-6 USGS 174.00 8.0 1.18 1.4 1.03 1.7     13.40 0.9 0.00 0.0 3.98 1.9 
JH0812-27-7 USGS 188.00 12.7 1.15 1.5 1.01 1.9     17.20 0.8 0.58 12.7 4.49 2.0 
JH0812-29-1 USGS 135.00 7.6 0.98 1.5 1.35 1.5     11.00 0.9 0.00 0.0 3.10 2.2 
JH0812-29-2 U of WI ND 0.0 0.53 33.2 ND 0.0 ND 0.0 18.51 1.1 ND 0.0 2.72 16.7 
JH0812-29-3 USGS 137.00 7.3 1.37 1.2 0.93 1.5     15.20 0.7 0.58 11.0 4.72 1.9 
JH0812-29-4 USGS 135.00 7.7 1.25 1.5 1.14 1.7     16.80 0.8 0.00 0.0 4.27 1.8 
JH0812-29-5* USGS 170.00 8.7 1.08 1.6 1.03 1.7     19.50 0.7 0.50 13.1 4.29 2.2 
JH0812-29-5* U of WI ND 0.0 ND 0.0 ND 0.0 ND 0.0 20.24 1.1 ND 0.0 4.17 15.7 
JH0812-29-6 USGS 147.00 7.8 1.25 1.3 1.02 1.6     18.90 0.8 0.00 0.0 4.08 1.9 
JH0812-29-7 U of WI ND 0.0 0.19 45.6 ND 0.0 3.20 37.1 24.84 1.0 ND 0.0 4.16 15.9 
Roaring Fork- Carbondale                               
JH0812-29-8 USGS 188.00 6.5 1.31 1.3 1.02 1.7     14.90 0.8 0.60 13.4 4.97 1.8 
JH0812-29-9 U of WI ND 0.0 0.83 32.1 ND 0.0 ND 0.0 16.85 1.2 ND 0.0 4.76 15.1 
JH0812-29-10 USGS 293.00 4.1 0.83 1.4 0.70 1.7     8.48 0.9 0.00 0.0 3.61 1.8 
JH0812-29-11 U of WI 663.70 31.8 0.47 32.7 ND 0.0 ND 0.0 9.00 1.4 ND 0.0 3.04 14.6 
JH0812-29-12 U of WI 213.90 39.2 0.68 32.2 ND 0.0 2.13 45.3 12.70 1.3 ND 0.0 2.64 14.5 
JH0812-29-13 U of WI ND 0.0 0.52 33.5 ND 0.0 ND 0.0 12.41 1.4 ND 0.0 2.09 17.2 
JH0812-29-14A U of WI 203.50 42.0 0.48 33.0 ND 0.0 ND 0.0 12.00 1.4 ND 0.0 2.86 15.2 
JH0812-29-14B U of WI 214.20 40.4 0.55 32.7 ND 0.0 2.32 41.6 14.72 1.2 ND 0.0 3.12 15.1 
JH0812-29-14C U of WI ND 0.0 0.66 32.5 ND 0.0 ND 0.0 18.44 1.2 ND 0.0 2.65 15.7 
JH0812-29-15 U of WI ND 0.0 0.79 32.3 ND 0.0 3.24 44.5 13.82 1.3 ND 0.0 3.71 15.3 
JH0812-29-16 U of WI 232.00 42.5 0.78 32.3 ND 0.0 2.92 38.1 32.65 1.0 ND 0.0 4.83 14.1 
JH0812-29-17 U of WI ND 0.0 0.53 32.7 ND 0.0 ND 0.0 15.73 1.2 ND 0.0 2.63 18.1 









Appendix D (continued) 
    (W-Zr) 
Sample Lab W error Yb error Zn error Zr error 
Ziegler Reservoir                   
ZR-B19 U of WI ND 0.0 2.92 4.6 ND 0.0 283.60 32.6 
ZR-B18* USGS 1.72 17.3 3.02 1.4 115.00 1.9 323.00 4.1 
ZR-B18* U of WI ND 0.0 2.91 4.9 ND 0.0 416.70 32.2 
ZR-B17 USGS 2.13 10.3 2.98 1.3 96.10 3.3 335.00 4.2 
ZR-B16 USGS 2.50 13.1 3.51 1.6 72.80 2.8 398.00 4.3 
ZR-B15 USGS 0.85 18.5 2.46 1.5 88.30 2.0 255.00 4.6 
ZR-B14 USGS 1.36 16.7 2.82 1.4 66.20 2.3 326.00 3.8 
ZR-B14 (dup) USGS 2.39 19.3 2.98 1.8 63.90 3.1 366.00 4.8 
ZR-B13 U of WI 45.11 43.7 2.23 4.9 ND 0.0 370.20 37.9 
ZR-B12 USGS 1.48 20.0 2.55 1.7 101.00 2.1 260.00 5.1 
ZR-B11 USGS 1.31 14.2 2.47 1.6 87.30 2.2 193.00 5.3 
ZR-B10 USGS 1.56 14.0 2.41 1.5 71.50 3.7 256.00 4.0 
ZR-B9 USGS 1.55 15.4 2.86 1.5 77.10 2.2 270.00 5.0 
ZR-B8 U of WI ND 0.0 2.41 5.1 ND 0.0 295.00 33.6 
ZR-B7 U of WI ND 0.0 2.53 5.0 ND 0.0 384.00 33.5 
ZR-B6 USGS 0.77 19.4 2.53 1.6 73.20 2.2 190.00 5.0 
ZR-B6 (dup) USGS 0.90 24.6 2.59 1.8 70.60 2.7 197.00 5.5 
ZR-B5 USGS 1.09 19.4 3.08 1.6 106.00 2.2 517.00 3.7 
ZR-B4* USGS 1.81 11.9 2.80 1.4 114.00 1.9 352.00 3.9 
ZR-B4* U of WI ND 0.0 2.77 4.7 ND 0.0 515.30 30.6 
ZR-B3 USGS 1.35 13.6 2.76 1.4 99.00 3.0 453.00 3.6 
ZR-B2 USGS 1.67 13.9 2.43 1.6 102.00 2.1 304.00 4.4 
ZR-B1 U of WI ND 0.0 2.59 4.6 ND 0.0 474.50 35.2 
ZR43C-A-1-14-15 USGS 0.88 18.8 2.46 1.5 88.80 3.7 270.00 5.1 
ZR43C-A-1-53-54 U of WI ND 0.0 2.46 4.8 ND 0.0 414.60 31.0 
ZR43C-A-1-77-78 USGS 1.67 13.6 2.46 1.7 68.90 2.6 349.00 4.4 
ZR43C-A-1-101-102 USGS 1.38 18.0 2.96 1.5 56.80 5.0 583.00 3.3 
ZR43C-A-2-151-152* USGS 2.22 14.7 2.66 1.6 70.70 2.7 398.00 4.2 
ZR43C-A-2-151-152* U of WI ND 0.0 2.65 4.7 ND 0.0 557.70 29.3 










Appendix D (continued) 
    (W-Zr) 
Sample Lab W error Yb error Zn error Zr error 
Ziegler Reservoir                   
ZR43C-A-2-205-206 U of WI ND 0.0 2.26 5.2 ND 0.0 379.50 33.4 
ZR43C-A-3-224-225 U of WI ND 0.0 1.64 5.8 ND 0.0 212.00 43.8 
ZR43C-A-3-239-240 USGS 2.05 14.4 2.42 2.0 75.40 2.8 288.00 5.4 
ZR43C-A-3-269-278 USGS 2.05 12.6 3.08 1.3 50.30 4.7 411.00 3.9 
ZR43C-A-3-299-300 USGS 1.90 15.6 2.82 1.4 75.60 2.1 284.00 4.1 
Moraine                   
CO-ZR-09 USGS 2.35 10.2 3.87 1.2 45.70 5.1 881.00 2.6 
CO-ZR-10* USGS 1.72 14.4 3.70 1.2 46.50 4.7 595.00 3.0 
CO-ZR-10* U of WI ND 0.0 3.42 4.2 ND 0.0 765.90 31.4 
Dust Trap                   
JH1012-20-T1 U of WI ND 0.0 1.77 5.5 ND 0.0 278.00 48.8 
Dust on Snow                   
DOS-3 U of WI ND 0.0 1.63 5.2 ND 0.0 435.00 33.9 
Mancos                   
JH1012-20-2 U of WI ND 0.0 2.24 4.3 ND 0.0 365.80 39.8 
JH1012-20-3 U of WI ND 0.0 1.98 4.7 ND 0.0 ND 0.0 
Snowmass Creek valley                   
JH1012-20-4 U of WI ND 0.0 2.88 3.9 ND 0.0 1079.00 32.1 
JH0812-28-1 U of WI ND 0.0 2.09 4.4 ND 0.0 228.90 44.0 
JH0812-28-2 U of WI ND 0.0 3.23 3.9 ND 0.0 464.50 39.3 
JH0812-28-3 USGS 1.60 14.4 3.89 1.4 114.00 1.9 451.00 4.0 
JH0812-28-4 U of WI ND 0.0 2.13 4.0 ND 0.0 386.40 38.9 
JH0812-28-5 USGS 1.45 11.8 2.78 1.3 111.00 3.0 336.00 4.4 
JH0812-28-6* USGS 1.13 11.8 3.41 1.3 50.60 2.6 620.00 2.9 
JH0812-28-6* U of WI ND 0.0 3.04 3.6 ND 0.0 805.30 34.8 
JH0812-28-7 USGS 1.84 13.4 3.97 1.3 89.20 4.0 747.00 3.0 









Appendix D (continued) 
    (W-Zr) 
Sample Lab W error Yb error Zn error Zr error 
Roaring Fork valley                   
JH0812-27-1 USGS 3.22 7.1 3.72 1.3 49.90 5.5 528.00 3.5 
JH0812-27-2 USGS 1.84 11.4 3.55 1.5 141.00 1.9 329.00 5.6 
JH0812-27-3* USGS 1.84 11.7 3.65 1.3 101.00 3.7 442.00 4.4 
JH0812-27-3* U of WI ND 0.0 3.36 4.1 ND 0.0 731.60 35.1 
JH0812-27-4 U of WI ND 0.0 3.71 3.9 ND 0.0 818.00 34.5 
JH0812-27-5 U of WI ND 0.0 2.96 4.0 ND 0.0 717.00 32.9 
JH0812-27-6 USGS 1.10 12.9 3.62 1.4 88.90 2.2 299.00 4.4 
JH0812-27-7 USGS 1.80 13.3 3.43 1.5 116.00 3.4 352.00 5.7 
JH0812-29-1 USGS 0.71 19.9 4.22 1.4 59.60 2.7 357.00 4.5 
JH0812-29-2 U of WI ND 0.0 2.40 4.1 ND 0.0 337.20 41.6 
JH0812-29-3 USGS 1.72 11.1 3.67 1.2 48.50 4.8 661.00 2.8 
JH0812-29-4 USGS 0.46 20.2 4.06 1.4 147.00 1.9 271.00 5.5 
JH0812-29-5* USGS 1.32 8.0 3.02 1.5 108.00 3.7 238.00 6.4 
JH0812-29-5* U of WI ND 0.0 2.80 4.2 ND 0.0 366.30 40.9 
JH0812-29-6 USGS 0.59 17.5 3.08 1.4 99.40 2.0 289.00 4.7 
JH0812-29-7 U of WI ND 0.0 2.74 4.2 ND 0.0 275.90 42.8 
Roaring Fork- Carbondale                   
JH0812-29-8 USGS 1.77 12.5 3.67 1.3 90.20 3.8 493.00 4.0 
JH0812-29-9 U of WI ND 0.0 3.46 3.8 ND 0.0 630.00 37.0 
JH0812-29-10 USGS 1.45 15.1 2.39 1.5 72.40 2.2 235.00 5.0 
JH0812-29-11 U of WI ND 0.0 1.98 4.7 ND 0.0 ND 0.0 
JH0812-29-12 U of WI ND 0.0 3.02 4.1 ND 0.0 674.30 26.4 
JH0812-29-13 U of WI ND 0.0 3.34 4.6 ND 0.0 301.50 30.5 
JH0812-29-14A U of WI ND 0.0 2.98 4.3 ND 0.0 424.30 28.8 
JH0812-29-14B U of WI ND 0.0 3.21 4.1 ND 0.0 502.40 26.9 
JH0812-29-14C U of WI ND 0.0 3.15 4.2 ND 0.0 477.30 28.0 
JH0812-29-15 U of WI ND 0.0 3.38 4.4 ND 0.0 453.20 28.1 
JH0812-29-16 U of WI ND 0.0 4.66 4.0 ND 0.0 935.80 25.6 
JH0812-29-17 U of WI ND 0.0 2.65 4.7 ND 0.0 334.80 37.8 
JH0812-29-19 U of WI ND 0.0 2.95 4.7 ND 0.0 641.50 34.4 
 
